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1
REGISTER CIRCUIT INCLUDING A
VOLATILE MEMORY AND A NONVOLATILE
MEMORY

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor device
and a method for driving the semiconductor device.

2. Description of the Related Art

Signal processing circuits such as central processing units
(CPUs) vary in configuration depending on the intended use.
A signal processing circuit generally has a main memory for
storing data or program and other memory units such as a
register and a cache memory. A register has a function of
temporarily holding data for carrying out arithmetic process-
ing, holding a program execution state, or the like. In addi-
tion, a cache memory is located between an arithmetic circuit
and a main memory in order to reduce access to the main
memory and speed up the arithmetic processing.

A memory device such as a register or a cache memory
needs to write data at higher speed than a main memory. For
this reason, in general, a flip-flop circuit or the like is used as
a register, while a static random access memory (SRAM) or
the like is used as a cache memory. In other words, a volatile
memory circuit is used as such a register, a cache memory, or
the like. Data in the volatile memory is lost when supply of a
power supply voltage is stopped.

In order to reduce power consumption, a method for tem-
porarily stopping supply of a power supply voltage to a signal
processing circuit in a period during which data is not input
and output has been suggested. In the method, a nonvolatile
memory device is located in the periphery of a volatile
memory device such as a register or a cache memory, so that
the data is temporarily stored in the nonvolatile memory
device. Thus, data stored in the register, the cache memory, or
the like can be held even while supply of power supply volt-
age is stopped in the signal processing circuit (for example,
see Patent Document 1).

In addition, in the case where supply of a power supply
voltage is stopped for a long time in a signal processing
circuit, data in a volatile memory device is transferred to an
external memory device such as a hard disk or a flash memory
before the supply of the power supply voltage is stopped, so
that the data can be prevented from being lost.

REFERENCE

[Patent Document 1] Japanese Published Patent Application
No. H10-078836

SUMMARY OF THE INVENTION

As described above, in the case of providing an external
memory device for storing data while supply of a power
supply voltage is stopped, there is a problem in that it takes
time to write data from a signal processing circuit to the
external memory device, which is not suitable for a short-time
stop of power supply.

In addition, in the case where data in the signal processing
circuit has problems, it takes time to assess and rewrite the
data, so that the signal processing circuit cannot rapidly return
from a state in which the supply of power supply voltage is
stopped.

In view of the above, an object is to provide a semiconduc-
tor device capable of transferring data of a signal processing
circuit to a nonvolatile memory device at high speed, stopping
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supply of power with high frequency, and therefore reducing
the power consumption. Further, another object is to provide
a semiconductor device capable of assessing and rewiring
data at a desired timing.

A nonvolatile memory circuit is provided for each flip-flop
circuit included in a semiconductor device. Data is transmit-
ted and received between the flip-flop circuit and the nonvola-
tile memory circuit, whereby data can be transferred at high
speed. In addition, the nonvolatile memory circuitis provided
with a wiring which directly writes and reads data to/from the
nonvolatile memory circuit, so that data stored in the semi-
conductor device can be assessed and rewritten through the
wiring at a desired timing.

One embodiment of the present invention is a semiconduc-
tor device which includes a register circuit including a flip-
flop circuit, a selection circuit, and a nonvolatile memory
circuit electrically connected to the flip-flop circuit through
the selection circuit; a bit line; and a data line. The data line is
electrically connected to the flip-flop circuit. The bit line is
electrically connected to the nonvolatile memory circuit
through the selection circuit. The selection circuit selectively
stores data, which is based on a potential of the data line or a
potential of the bit line, in the nonvolatile memory circuit.

Another embodiment of the present invention is a semicon-
ductor device which includes a register circuit including a
flip-flop circuit, a selection circuit, and a nonvolatile memory
circuit electrically connected to the flip-flop circuit through
the selection circuit; a bit line; a data line; a word line; and a
memory write enable line. The word line and the memory
write enable line are electrically connected to the selection
circuit. The data line is electrically connected to the flip-flop
circuit. The bit line is electrically connected to the nonvolatile
memory circuit through the selection circuit. The selection
circuit includes a first switch for determining electrical con-
nection between the nonvolatile memory circuit and the word
line or the memory write enable line, and a second switch for
determining electrical connection between the nonvolatile
memory circuit and the data line or the bit line.

Another embodiment of the present invention is a semicon-
ductor device including a plurality of register circuits pro-
vided in a matrix, a bit line, and a data line. Each of the register
circuits includes a flip-flop circuit, a selection circuit, and a
nonvolatile memory circuit electrically connected to the flip-
flop circuit through the selection circuit. The data line is
electrically connected to the flip-flop circuit. The bit line is
electrically connected to the nonvolatile memory circuit
through the selection circuit. The selection circuit selectively
stores data, which is based on a potential of the data line or a
potential of the bit line, in the nonvolatile memory circuit.

Still another embodiment of the present invention is a
semiconductor device including a plurality of register circuits
provided in a matrix, a bit line, a data line, a word line, and a
memory write enable line. Each of the register circuits
includes a flip-flop circuit, a selection circuit, and a nonvola-
tile memory circuit electrically connected to the flip-flop
circuit through the selection circuit. The word line and the
memory write enable line are electrically connected to the
selection circuit. The data line is electrically connected to the
flip-flop circuit. The bit line is electrically connected to the
nonvolatile memory circuit through the selection circuit. The
selection circuit includes a first switch for determining elec-
trical connection between the nonvolatile memory circuit and
the word line or the memory write enable line, and a second
switch for determining electrical connection between the
nonvolatile memory circuit and the data line or the bit line.

The selection circuit used in the semiconductor device of
one embodiment of the present invention selects any of a first
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operation mode for storing data based on a potential of the
data line in the nonvolatile memory circuit through the flip-
flop circuit, a second operation mode for inputting data stored
in the nonvolatile memory circuit to the flip-flop circuit, a
third operation mode for storing data based on the bit line in
the nonvolatile memory circuit, and a fourth operation mode
for inputting data stored in the nonvolatile memory circuit to
the bit line.

The nonvolatile memory circuit used in the semiconductor
device of one embodiment of the present invention is a semi-
conductor device which includes a transistor including an
oxide semiconductor in a channel formation region and a
capacitor including one electrode electrically connected to a
first electrode of the transistor and the other electrode that is
grounded. A potential of the data line or a potential of the bit
line is stored in a node where the first electrode of the tran-
sistor and the one electrode of the capacitor are electrically
connected to each other.

A semiconductor device with low power consumption can
be provided. In the semiconductor device, a nonvolatile
memory circuit is provided for each flip-flop circuit included
in a register circuit, and data can be stored even when supply
of power is stopped; therefore, power comsumption can be
reduced. Further, with a wiring for directly transmitting and
receiving data between the nonvolatile memory circuit and an
external portion of the register circuit, the semiconductor
device can assess and rewrite data at a desired timing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are diagrams of a semiconductor device
that is one embodiment of the present invention.

FIG. 2 is a diagram of a flip-flop circuit included in a
semiconductor device that is one embodiment of the present
invention.

FIG. 3 is a timing chart of operation of a semiconductor
device that is one embodiment of the present invention.

FIGS. 4A and 4B are timing charts of operation of a semi-
conductor device that is one embodiment of the present inven-
tion.

FIGS. 5A and 5B are timing charts of operation of a semi-
conductor device that is one embodiment of the present inven-
tion.

FIG. 6 is a diagram of a semiconductor device that is one
embodiment of the present invention.

FIGS. 7A to 7E are diagrams of crystal structures of an
oxide material which can be used for a transistor.

FIGS. 8A to 8C are diagrams of a crystal structure of an
oxide material which can be used for a transistor.

FIGS. 9A to 9C are diagrams of a crystal structure of an
oxide material which can be used for a transistor.

FIGS. 10A and 10B are diagrams of crystal structures of
oxide materials which can be used for a transistor.

FIG. 11 shows the gate voltage dependence of mobility
obtained by calculation.

FIGS. 12A to 12C each show the gate voltage dependence
of drain current and mobility obtained by calculation.

FIGS. 13A to 13C each show the gate voltage dependence
of drain current and mobility obtained by calculation.

FIGS. 14A to 14C each show the gate voltage dependence
of drain current and mobility obtained by calculation.

FIGS. 15A and 15B are diagrams of cross-sectional struc-
tures of transistors used for calculation.

FIGS. 16A to 16C each show the characteristics of a tran-
sistor including an oxide semiconductor film.
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FIGS. 17A and 17B each show the gate voltage depen-
dence of drain current after a BT test of a transistor of Sample
1.

FIGS. 18A and 18B each show the gate voltage depen-
dence of drain current after a BT test of a transistor of Sample
2.

FIG. 19 shows the gate voltage dependence of drain current
and mobility.

FIG. 20A shows the relation between substrate tempera-
ture and threshold voltage and FIG. 20B shows the relation
between substrate temperature and field-effect mobility.

FIG. 21 shows XRD spectra of Sample A and Sample B.

FIG. 22 shows the relation between off-state current and
substrate temperature in measurement of a transistor.

FIGS. 23 A to 23D are cross-sectional views of transistors.

FIG. 24 is a diagram of a signal processing circuit accord-
ing to one embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments of the present invention will be
described in detail with reference to the accompanying draw-
ings. Note that the present invention is not limited to the
description below, and it is easily understood by those skilled
in the art that various changes and modifications can be made
without departing from the spirit and scope of the invention.
Therefore, the present invention should not be limited to the
descriptions of the embodiments below. Note that in struc-
tures of the invention described below, the same portions or
portions having similar functions are denoted by the same
reference numerals in different drawings, and description
thereof is not repeated.

Note that in each drawing described in this specification,
the size, the layer thickness, or the region of each component
is exaggerated for clarity in some cases. Therefore, embodi-
ments of the present invention are not limited to such scales.

Note that in this specification and the like, the term “elec-
trically connected” includes the case where components are
connected through an “object having any electric function”.
There is no particular limitation on an “object having any
electric function” as long as electric signals can be transmit-
ted and received between components that are connected
through the object. Examples of an “object having any elec-
tric function” include a switching element such as a transistor,
aresistor, a coil, a capacitor, and an element with a variety of
functions in addition to an electrode and a wiring.

Note that voltage generally refers to a difference between
potentials at two points (also referred to as a potential differ-
ence). However, levels of voltage and potentials are repre-
sented using volt (V) in a circuit diagram or the like in some
cases, so that it is difficult to discriminate between them. This
is why in this specification, a potential difference between a
potential at one point and a potential to be the reference (also
referred to as the reference potential) is used as voltage at the
point in some cases.

Functions of a source and a drain might interchange when
a transistor of opposite polarity is used or the direction of
current flow is changed in circuit operation, for example.
Therefore, the terms “source” and “drain” can interchange in
this specification. In this specification and the like, one of a
source and a drain of a transistor is referred to as a “first
electrode” and the other of the source and the drain is referred
to as a “second electrode” in some cases.

Embodiment 1

In this embodiment, a semiconductor device of one
embodiment of the present invention will be described.
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<Basic Circuit>

First, one mode of a register circuit that is a semiconductor
device in this embodiment and the operation thereof will be
described. FIG. 1A is a block diagram of the register circuit.
A register circuit 100 shown in FIG. 1A includes a flip-flop
circuit 101, a selection circuit 103, and a nonvolatile memory
circuit 105. In FIG. 1A, a data line (Data) is electrically
connected to the flip-flop circuit 101 and a bit line (BIT) is
electrically connected to the nonvolatile memory circuit 105
through the selection circuit 103. The flip-flop circuit 101 is
electrically connected to an output signal line (Q).

A potential of the data line (Data) is input to the flip-flop
circuit 101. The flip-flop circuit 101 stores data correspond-
ing to the input potential as its internal state and outputs the
data to an external portion through the output signal line (Q).

Note that data corresponding to a potential means a 1-bit
data with a potential corresponding to data “1”” or “0”. Either
of two different potentials is selectively supplied and one of
the potentials (e.g., high potential or high level) is made to
correspond to data “1” and the other of the potentials (e.g.,
low potential or low level) is made to correspond to data “0”.
Further, a potential may be selected from three or more dif-
ferent potentials so that multivalued (multi-bit) data is writ-
ten, which results in an increase in the memory capacity of the
semiconductor device.

In general, a flip-flop circuit includes at least two arith-
metic circuits. The flip-flop circuit can have a configuration
with a feedback loop in which output of one arithmetic circuit
is input to the other arithmetic circuit and output of the other
arithmetic circuit is input to the one arithmetic circuit. Thus,
the flip-flop circuit is a volatile memory circuit that stores and
outputs data corresponding to a potential input from the data
line (Data). In the register circuit 100, output of the flip-flop
circuit 101 is input to the selection circuit 103.

Output of the flip-flop circuit 101 and a potential of the bit
line (BIT) are input to the selection circuit 103. An output
terminal of the selection circuit 103 is electrically connected
to an input terminal of the nonvolatile memory circuit 105.
The nonvolatile memory circuit 105 transmits and receives
data to/from the flip-flop circuit 101 or the bit line (BIT)
depending on the operation mode selected by the selection
circuit 103.

Here, description will be given of the operation modes of
the semiconductor device which are selected by the selection
circuit 103.

The selection circuit 103 selects one of four operation
modes of the semiconductor device. The four operation
modes are a first operation mode for storing data based on a
potential of the data line (Data) in the nonvolatile memory
circuit 105 through the flip-flop circuit 101, a second opera-
tion mode for inputting data stored in the nonvolatile memory
circuit 105 to the flip-flop circuit 101, a third operation mode
for storing data based on the potential of the bit line (BIT) in
the nonvolatile memory circuit 105, and a fourth operation
mode for inputting data stored in the nonvolatile memory
circuit 105 to the bit line (BIT).

The four operation modes are combined to enable a reduc-
tion of the power consumption of the semiconductor device.
The operation method will be described.

In the semiconductor device of this embodiment, a poten-
tial of the data line (Data) is input to the flip-flop circuit 101
and data based on the potential is stored in the flip-flop circuit
101. As described above, since the flip-flop circuit 101 is a
volatile memory circuit, supply of power is needed to hold
data stored in the flip-flop circuit 101. Thus, continuous
power supply is needed in order to hold data stored in the
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6

flip-flop circuit 101 even in a period during which the internal
state of the flip-flop circuit 101 is not rewritten.

However, in the semiconductor device of this embodiment,
each register circuit 100 includes the nonvolatile memory
circuit 105 electrically connected to the flip-flop circuit 101.
Thus, the internal state of the flip-flop circuit 101 can be held
even when supply of power is stopped by storing data in the
nonvolatile memory circuit 105 in the period during which
the internal state of the flip-flop circuit 101 is not changed.
The internal state of the flip-flop circuit 101 can be stored in
the nonvolatile memory circuit 105 when the selection circuit
103 selects the first operation mode.

Next, the selection circuit 103 selects the second operation
mode so that data stored in the nonvolatile memory circuit
105 is stored in the flip-flop circuit 101, whereby the flip-flop
circuit 101 can return to the state before supply of power is
stopped.

In addition, the selection circuit combines the four opera-
tion modes, so that the semiconductor device can assess the
internal state of the flip-flop circuit 101 at a desired timing.
The operation method will be described.

The selection circuit 103 selects the first operation mode,
whereby the internal state of the flip-flop circuit 101 is stored
in the nonvolatile memory circuit 105. In this state, the selec-
tion circuit 103 selects the fourth operation mode so that the
data stored in the nonvolatile memory circuit 105 is input to
the bit line (BIT); thus, a potential based on the internal state
of the flip-flop circuit 101 is input to the bit line (BIT).
Consequently, the internal state of the flip-flop circuit 101 can
be assessed by reading the potential input to the bit line (BIT).

Further, in the case where the internal state of the flip-flop
circuit 101 is assessed and problems are founded, the internal
state of the flip-flop circuit 101 can be easily rewritten in the
semiconductor device of this embodiment. The operation
methods will be described.

In order to rewrite the internal state of the flip-flop circuit
101, first, the third operation mode is selected by the selection
circuit 103. In the third operation mode, a potential based on
datato be rewritten is input to the bit line (BIT) and data based
onthe potential of the bit line (BIT) is stored in the nonvolatile
memory circuit 105.

Next, the second operation mode is selected by the selec-
tion circuit 103, so that a potential based on the data stored in
the nonvolatile memory circuit 105 is input to the flip-flop
circuit 101. Thus, the data to be rewritten which is input from
the bit line (BIT) is input to the flip-flop circuit 101.

In the semiconductor device of this embodiment, data of
the flip-flop circuit 101 is stored in the nonvolatile memory
circuit 105, and therefore can be directly written and read
through the bit line (BIT); consequently, the internal state of
the flip-flop circuit 101 can be assessed and rewritten at a
desired timing

A register circuit 200 in which more specific configura-
tions of the selection circuit 103 and the nonvolatile memory
circuit 105 are shown will be described. The register circuit
200 is shown in FIG. 1B.

As shown in FIG. 1B, a circuit including a first switch 202
and a second switch 203 can form the selection circuit 103.

The first switch 202 is electrically connected to a word line
(WORD) and a write enable line (WE). Output of the first
switch 202 is input to the nonvolatile memory circuit 105. The
first switch 202 is a switch that outputs a potential of the word
line (WORD) or a potential of the write enable line (WE) to
the nonvolatile memory circuit 105.

The second switch 203 is electrically connected to an out-
put terminal of the flip-flop circuit 101 and a bit line (BIT).
Output of the second switch 203 is input to the nonvolatile
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memory circuit 105. The second switch 203 is a switch that
outputs a potential based on the internal state of the flip-flop
circuit 101 or a potential of the bit line (BIT) to the nonvolatile
memory circuit 105. The second switch 203 determines elec-
trical connection between the nonvolatile memory circuit 105
and the flip-flop circuit 101 or the bit line (BIT).

The nonvolatile memory circuit 105 shown in FIG. 1B
includes a transistor 204 and a capacitor 205. A first electrode
of'the transistor 204 is electrically connected to one electrode
of the capacitor 205 and the other electrode of the capacitor
205 is grounded. Data is stored in a node where the first
electrode of the transistor 204 and the one electrode of the
capacitor 205 are electrically connected to each other (here-
inafter also simply denoted as a node).

A gate electrode of the transistor 204 is electrically con-
nected to the first switch 202 included in the selection circuit
103 and a potential of the word line (WORD) or a potential of
the write enable line (WE) is input to the gate electrode of the
transistor 204. That is, the transistor 204 switches between on
and off depending on the potentials of the word line (WORD)
and the write enable line (WE).

A second electrode of the transistor 204 is electrically
connected to the second switch 203 included in the selection
circuit 103. When the transistor 204 is on, a potential based on
the internal state of the flip-flop circuit 101 or a potential of
the bit line (BIT) is input from the second switch 203 and
input to the node where the first electrode of the transistor 204
and the one electrode of the capacitor 205 are electrically
connected to each other.

A transistor with small off-state current is used as the
transistor 204. In the case of using a transistor with small
off-state current as the transistor 204, data stored in the node
can be held for a long time by turning off the transistor 204
even when supply of power is stopped.

To write data to the nonvolatile memory circuit 105, a
charge corresponding to either of two different potentials
(hereinafter a charge supplying a low potential is referred to
as a charge Q; and a charge supplying a high potential is
referred to as a charge Q) is selectively supplied to the
capacitor 205, for example. One of Q, and Q,, is made to
correspond to data “1” and the other is made to correspond to
data “0”, so that 1-bit data can be written to the nonvolatile
memory circuit 105. Note that a charge may be selected from
charges corresponding to three or more different potentials,
which results in an increase in the memory capacity of the
nonvolatile memory circuit 105.

Note that the transistor with small off-state current that is
used for the transistor 204 can be a transistor including an
oxide semiconductor material (a transistor in which a channel
is formed in an oxide semiconductor layer), for example.
Since the off-state current of the transistor including an oxide
semiconductor material is one hundred thousandth parts of
that of a transistor in which a channel is formed in silicon, it
is possible to neglect the loss of charges accumulated in the
capacitor 205 caused by the leakage of charges from the
transistor 204 which is turned off. Thus, a potential stored in
the node can be held for a long time. In FIG. 1B, “OS” is
written beside the transistor 204 in order to indicate that the
transistor 204 is a transistor including an oxide semiconduc-
tor.

With the nonvolatile memory circuit 105 having the above
configuration, in the case of writing new data, erasing of the
written data is not needed and the written data can be directly
rewritten by writing another data. Thus, a decrease in opera-
tion speed due to erasing of data can be suppressed. In other
words, the semiconductor device can be operated at high
speed.
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Further, the semiconductor device of the disclosed inven-
tion does not have a problem of deterioration of a gate insu-
lating layer (a tunnel insulating layer), which has been a
problem of a conventional floating-gate transistor. That is, the
problem of deterioration of a gate insulating layer due to
injection of electrons into a floating gate, which has been
regarded as a problem, can be solved. This means that there is
no limit on the number of times of writing in principle. Fur-
thermore, a high voltage needed for writing or erasing in the
conventional floating gate transistor is not necessary.

The operation of the register circuit 200 shown in FIG. 1B
will be described in detail with reference to a timing chart.
First, a specific circuit configuration of a flip-flop circuit used
to describe the operation of the register circuit 200 shown in
FIG. 1B will be described. FIG. 2 shows the flip-flop circuit
101 used in the register circuit 200. Note that the configura-
tion of a flip-flop circuit that can be used in the semiconductor
device of this embodiment is not limited to the configuration
in FIG. 2.

The flip-flop circuit 101 shown in FIG. 2 includes an
inverter circuit 251, a switch circuit 252, an inverter circuit
253, a clocked inverter circuit 254, a clocked inverter circuit
255, a switch circuit 256, a clocked inverter circuit 257, and a
clocked inverter circuit 258.

A potential of a data line (Data) is input to the flip-flop
circuit 101. The potential of the data line (Data) is input to the
clocked inverter circuit 254 through the switch circuit 252.
The potential of the data line (Data) is inverted by the clocked
inverter circuit 254 and input to a signal line (L) and the
switch circuit 256. Note that the potential input to the signal
line (L) is read out as the internal state of the flip-flop circuit
101. The potential input to the switch circuit 256 is inverted
again by the clocked inverter circuit 257 and becomes equal to
the potential of the data line (Data) and is output from an
output signal line (Q). The potential of the output signal line
(Q) is an output potential of the flip-flop circuit 101 and is a
potential obtained by inverting the potential of the internal
state of the flip-flop circuit 101.

The conducting states of the switch circuit 252 and the
switch circuit 256 are controlled by a clock signal (CLK). A
clock signal inverted by the inverter circuit 251 is input to the
switch circuit 252 and a clock signal is directly input to the
switch circuit 256, so that when one of the switch circuit 252
and the switch circuit 256 is opened, the other thereof is
closed. Here, the switch circuit 252 is closed and the switch
circuit 256 is opened when a low-level potential is input to a
clock signal line (CLK) and the switch circuit 252 is opened
and the switch circuit 256 is closed when a high-level poten-
tial is input to the clock signal line (CLK).

A latch circuit with a feedback loop in which output of the
clocked inverter circuit 254 is input to the clocked inverter
circuit 255 and output of the clocked inverter circuit 255 is
input to the clocked inverter circuit 254 is formed. Output of
the clocked inverter circuit 254 is input to the clocked inverter
circuit 255 and output of the clocked inverter circuit 255 is
input to the clocked inverter circuit 254; thus, data can be held
in the latch circuit.

A clock signal (CLK) is input to the clocked inverter circuit
255 and the clocked inverter circuit 255 operates only when
the clock signal (CLK) is at a high level. Thus, when the
switch circuit 252 is opened and the switch circuit 256 is
closed by input of a high-level potential as the clock signal
(CLK), the clocked inverter circuit 255 operates and the latch
circuit including the clocked inverter circuit 254 and the
clocked inverter circuit 255 holds the potential.

A latch circuit with a feedback loop in which output of the
clocked inverter circuit 257 is input to the clocked inverter
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circuit 258 and output of the clocked inverter circuit 258 is
input to the clocked inverter circuit 257 is formed. Output of
the clocked inverter circuit 257 is input to the clocked inverter
circuit 258 and output of the clocked inverter circuit 258 is
input to the clocked inverter circuit 257; thus, data can be held
in the latch circuit.

A clock signal inverted by the inverter circuit 251 is input
to the clocked inverter circuit 258 and the clocked inverter
circuit 258 operates only when the clock signal is at a low
level. Thus, when the switch circuit 252 is closed and the
switch circuit 256 is opened by input of a low-level potential
as the clock signal (CLK), the clocked inverter circuit 258
operates and the latch circuit including the clocked inverter
circuit 257 and the clocked inverter circuit 258 holds the
potential.

A potential of aread enable line (RE) is input to the clocked
inverter circuit 254 through the inverter circuit 253. When a
high-level potential is input to the read enable line (RE), a
low-level potential inverted by the inverter circuit 253 is input
to the clocked inverter circuit 254 and the operation of the
clocked inverter circuit 254 is stopped. Thus, when a high-
level potential is input to the read enable line (RE), the latch
circuit including the clocked inverter circuit 254 and the
clocked inverter circuit 255 does not hold data.

The above is the configuration and operations of the flip-
flop circuit 101 shown in FIG. 2. Next, the operation of the
register circuit 200 in FIG. 1B will be described. The case of
using the flip-flop circuit 101 in FIG. 2 as the flip-flop circuit
101 will be described here. FIG. 3, FIGS. 4A and 4B, and
FIGS. 5A and 5B show timing charts of the register circuit
200.

In the timing charts shown in FIG. 3, FIGS. 4A and 4B, and
FIGS. 5A and 5B, MEM shows the potential of a selection
signal line; BIT, the potential of the bit line; WORD, the
potential of the word line; RE, the potential of the read enable
line; WE, the potential of the write enable line; CLK, the
potential of the clock signal; Data, the potential of the data
line; L, the potential of the signal line; Q, the potential of the
output signal line of the flip-flop circuit; and MEM_D, the
potential of data stored in the nonvolatile memory circuit 105
(the data stored in the node of the nonvolatile memory circuit
105).

First, a timing chart of the normal operation of the flip-flop
circuit in the register circuit will be described. The timing
chart in FIG. 3 shows the normal operation of the flip-flop
circuit. In the normal operation of the flip-flop circuit, the
selection circuit 103 may select any operation modes. Thus,
the potential of each of the selection signal line (MEM), the
bit line (BIT), the word line (WORD), the read enable line
(RE), and the write enable line (WE) can be a given potential.
Inthetiming chart, a given potential is shown by a dashed line
and denoted by the symbol (X).

When the clock signal (CLK) is at a low level, in the
flip-flop circuit 101, the switch circuit 252 is closed, so that
data based on the potential of the data line (Data) is input to
the clocked inverter circuit 254. The data based on the poten-
tial of the data line (Data) is inverted by the clocked inverter
circuit 254 and transmitted to the signal line (L.). Then, when
the clock signal (CLK) is at a high level, the switch circuit 252
is opened and the clocked inverter circuit 255 operates, so that
the potential of the signal line (L) is held in the latch circuit
including the clocked inverter circuit 254 and the clocked
inverter circuit 255.

Further, when the clock signal (CLK) is at a high level, the
switch circuit 256 is closed, so that data inverted by the
clocked inverter circuit 254 is input to the clocked inverter
circuit 257. When the inverted data is input to the clocked
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inverter circuit 257, the data is inverted again by the clocked
inverter circuit 257 and is output through the output signal
line (Q) of the flip-flop circuit 101.

Then, when the clock signal (CLK) is at a low level, the
switch circuit 256 is opened and the clocked inverter circuit
258 operates, so that the potential of the output signal line (Q)
of'the flip-flop circuit is held in the latch circuit including the
clocked inverter circuit 257 and the clocked inverter circuit
258.

Next, description will be given of the operation for storing
data based on the data line (Data) in the nonvolatile memory
circuit 105 through the flip-flop circuit 101 when the selection
circuit 103 selects the first operation mode.

FIG. 4A shows a timing chart of the first operation mode.
The potential of the selection signal line (MEM) is set at a
high level so that the selection circuit 103 selects the first
operation mode. When the selection signal line (MEM) is at
the high level, the gate electrode of the transistor 204 is
electrically connected to the write enable line (WE) through
the first switch 202. In addition, the output terminal of the
flip-flop circuit 101 is electrically connected to the second
electrode of the transistor 204 through the second switch 203.

When the clock signal (CLK) is at a low level while the first
operation mode is selected by the selection circuit 103, the
potential of the data line (Data) is inverted by the clocked
inverter circuit 254 and is input to the signal line (L). Then,
when the clock signal (CLK) is at a high level, the switch
circuit 252 is opened, so that the potential of the signal line (L)
is held in the clocked inverter circuit 254 and the clocked
inverter circuit 255. In addition, the switch circuit 256 is
closed, so that a potential (the potential of the data line (Data))
that is the potential of the signal line (L) inverted by the
clocked inverter circuit 257 is output to the output signal line
Q.

At this time, the write enable line (WE) is set at a high level,
whereby a high-level potential is input to the gate electrode of
the transistor 204 to turn on the transistor 204. Consequently,
the internal state of the flip-flop circuit 101 is stored in the
node of the nonvolatile memory circuit 105. Then, the write
enable line (WE) is set at a low level, whereby the transistor
204 is turned off. Since the off-state current of the transistor
204 is extremely small, the potential stored in the node can be
held for an extremely long time by turning off the transistor
204.

Through the above operation, the internal state of the flip-
flop circuit 101 can be stored in the nonvolatile memory
circuit 105; thus, the semiconductor device can hold the inter-
nal state of the flip-flop circuit 101 even when supply of
power is stopped.

In the semiconductor device of this embodiment, the non-
volatile memory circuit capable of storing data even when
supply of power is stopped is provided for each flip-flop
circuit; therefore, supply of power can be stopped when the
internal state of the flip-flop circuit is not changed, which
results in a reduction in the power consumption.

Next, description will be given of the operation for input-
ting data stored in the nonvolatile memory circuit 105 to the
flip-flop circuit 101 when the second operation mode is
selected by the selection circuit 103. FIG. 4B shows a timing
chart of the second operation mode.

The potential of the selection signal line (MEM) is set at a
high level so that the selection circuit 103 selects the second
operation mode. When the selection signal line (MEM) is at
the high level, the gate electrode of the transistor 204 is
electrically connected to the write enable line (WE) through
the first switch 202. In addition, the output terminal of the
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flip-flop circuit 101 is electrically connected to the second
electrode of the transistor 204 through the second switch 203.

When the clock signal (CLK) is at a low level in the second
operation mode, the potential of the data line (Data) is input to
the clocked inverter circuit 254 and the potential of the data
line (Data) which is inverted is input to the signal line (L).

Here, when the clock signal (CLK) is at a high level, the
latch circuit including the clocked inverter circuit 254 and the
clocked inverter circuit 255 operates and the potential of the
signal line (L) is held. In addition, the switch circuit 256 is
closed, so that data inverted by the clocked inverter circuit
254 is input to the clocked inverter circuit 257. The data input
to the clocked inverter circuit 257 is inverted by the clocked
inverter circuit 257 and is output from the output terminal of
the flip-flop circuit 101.

At this time, when the read enable line (RE) is set at a high
level, the operation of the clocked inverter circuit 254 is
stopped and the operation of the latch circuit including the
clocked inverter circuit 254 and the clocked inverter circuit
255 is stopped.

When the write enable line (WE) is set at a high level to turn
on the transistor 204 while the operation of the latch circuit
including the clocked inverter circuit 254 and the clocked
inverter circuit 255 is stopped, the potential stored in the node
between the transistor 204 and capacitor 205 (MEM_D) is
input to the clocked inverter circuit 255 through the signal line
L.

The potential stored in the node is held in the signal line (L)
even when the potential of the write enable line (WE) is
returned to the low level after the above operation. Thus,
when the read enable line (RE) is set at a low level to restart
the operation of the clocked inverter circuit 254 and the opera-
tion of the latch circuit including the clocked inverter circuit
254 and the clocked inverter circuit 255, the potential stored
in the node is held in the latch circuit.

Then, when the clock signal (CLK) is at a low level, the
switch circuit 252 is closed and the potential of the data line
(Data) is input to the clocked inverter circuit 254, so that the
normal operation of the flip-flop circuit 101 is restarted.

Note that in the semiconductor device of this embodiment,
a transistor including an oxide semiconductor material (a
transistor in which a channel is formed in an oxide semicon-
ductor layer) is used as the transistor 204. A transistor includ-
ing an oxide semiconductor material has a characteristic of
extremely small off-state current. Hence, the potential of the
capacitor 205 can be held for an extremely long time by
turning off the transistor 204.

Next, description will be given of the operation for storing
data based on the potential of the bit line (BIT) in the non-
volatile memory circuit 105 when the selection circuit 103
selects the third operation mode.

FIG. 5A shows the third operation mode. The selection
signal line (MEM) is set at a low level so that the selection
circuit 103 selects the third operation mode. When the selec-
tion signal line (MEM) is at the low level, the gate electrode
of' the transistor 204 is electrically connected to the word line
(WORD) through the first switch 202. In addition, the bit line
(BIT) is electrically connected to the second electrode of the
transistor 204 through the second switch 203.

Note that in the third operation mode, output of each of the
read enable line (RE), the clock signal line (CLK), the data
line (Data), the signal line (L), and the flip-flop circuit can be
a given potential.

In the third operation mode, the word line (WORD) is set at
a high level, so that the transistor 204 is turned on and the
potential based on the potential of the bit line (BIT) is stored
in the node where the first electrode of the transistor 204 and
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the one electrode of the capacitor 205 are electrically con-
nected to each other. The timing of inputting the potential to
be stored in the nonvolatile memory circuit 105 to the bit line
(BIT) is before the word line (WORD) is set at the high level
and the potential of the bit line (BIT) is input to the node.

Next, description will be given of the operation for input-
ting the potential stored in the nonvolatile memory circuit 105
to the bit line (BIT) when the fourth operation mode is
selected by the selection circuit 103. FIG. 5B shows the fourth
operation mode. The selection signal line (MEM) is set at a
low level so that the selection circuit 103 selects the fourth
operation mode. When the selection signal line (MEM) is at
the low level, the gate electrode of the transistor 204 is elec-
trically connected to the word line (WORD) through the first
switch 202. In addition, the bit line (BIT) is electrically con-
nected to the second electrode of the transistor 204 through
the switch 203.

In the fourth operation mode, a middle-level potential is
input to the bit line (BIT). Then, the word line (WORD) is set
atahigh level to turn on the transistor 204, so that the potential
stored in the node between the transistor 204 and the capacitor
205 is input to the bit line (BIT). At this time, the potential of
the bit line (BIT) rises from the middle level to a high level in
the case where the potentials stored in the transistor 204 and
the capacitor 205 are at high levels. In the case where the
potentials stored in the transistor 204 and the capacitor 205
are at low levels, the potential of the bit line (BIT) does not
rise.

Thus, the potential stored in the nonvolatile memory circuit
105 can be read by identifying the level of the potential of the
bit line (BIT). For example, a level shifter is connected to a tip
of'the bit line (BIT), in which case the potential of the bit line
(BIT) that is close to the high-level potential can be fixed to
the high level, so that the potential can be read completely.

Given combination of the four operation modes makes it
possible to stop supply of power when the internal state of the
flip-flop circuit is not changed, which results in a reduction in
the power consumption. Further, the potential of the nonvola-
tile memory circuit is directly read out from an external
portion of the register circuit, whereby the internal state of the
flip-flop circuit can be assessed at a desired timing. Further-
more, the internal state of the flip-flop circuit can be easily
rewritten.

Application Example

Next, a semiconductor device including a plurality of reg-
ister circuits that is described above and the operations
thereof will be described. FIG. 6 shows a semiconductor
device of one embodiment of the present invention, which
includes a plurality of register circuits that is described above
and provided in a matrix.

The semiconductor device in FIG. 6 includes the register
circuits arranged in a matrix of m (rows) and n (columns), n
bit lines, m word lines, a memory controller, a bit column
decoder, a word row decoder, and a core (CORE 10).

The register circuits in FIG. 6 each have a configuration
similar to that of the register circuit 100 shown in FIG. 1B.
That is, each of the register circuits includes a flip-flop circuit,
a selection circuit, and a nonvolatile memory circuit. In addi-
tion, each of the selection circuits includes a first switch and
a second switch, and each of the nonvolatile memory circuits
includes a transistor with small off-state current (e.g., a tran-
sistor including an oxide semiconductor) and a capacitor. The
register circuits in one column share one bit line electrically
connected to each of the selection circuits and the register
circuits in one row share one word line.
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In this embodiment, the nonvolatile memory circuits
included in the plurality of register circuits are not connected
to each other in series and each of the nonvolatile memory
circuits is connected to the bit line and the word line; however,
a method for arranging the register circuits in a matrix is not
limited to this.

Note that a write enable line (WE), a selection signal line
(MEM), a data line (Data), a clock signal line (CLK), and the
like can have configurations similar to those in FIG. 1B, and
thus are not shown in FIG. 6.

The n bit lines are electrically connected to the bit column
decoder, and the bit line in a k-th column (k is an integer
greater than or equal to 1 and less than or equal to n) is
electrically connected to the selection circuit and the second
switch which are included in the register circuit in the k-th
column.

The m word lines are electrically connected to the word
row decoder, and the word line in a g-th row (q is an integer
greater than or equal to 1 and less than or equal to m) is
electrically connected to the selection circuit and the first
switch which are included in the register circuit in the g-th
row.

The memory controller determines the register circuit
to/from which data is written or read depending on the inter-
nal state of the core or an arithmetic result. For example, when
the memory controller determines the register circuit to
which data is written, the selection circuit selects the third
operation mode and a predetermined potential is input to the
bit column decoder and the word row decoder from the
memory controller.

For example, an address data of the register circuit to/from
which data is written or read is transmitted to the word row
decoder. Then, the word row decoder inputs a predetermined
potential to the word lines in response to the address data, so
that the register circuit which writes and reads data is in an
active state.

Datato be written to the register circuit is transmitted to the
bit column decoder. Then, a potential corresponding to the
data to be written is input from the bit column decoder to the
bit lines. The potential supplied from the bit column decoder
is stored in the register circuit which is made to be in the active
state by the word row decoder.

An input terminal and an output terminal of the flip-flop
circuit included in the register circuit are connected to a logic
operation circuit, a main memory, or the like, and the flip-flop
circuits arranged in a matrix form a signal processing circuit.
In the signal processing circuit, the flip-flop circuit has a
function of carrying out arithmetic processing or temporarily
holding a program execution state.

In the semiconductor device of the present invention, since
the nonvolatile memory circuit is provided for each flip-flop
circuit, data can be read out at high speed even a plurality of
register circuits is provided. Further, data can be directly
written to or read from the nonvolatile memory circuit, so that
the internal state of the signal processing circuit can be easily
assessed and rewritten.

This embodiment can be combined with any of the other
embodiments as appropriate.

Embodiment 2

A transistor with small off-state current included in the
nonvolatile memory circuit described in Embodiment 1 will
be described. As the transistor with small off-state current, a
transistor including an oxide semiconductor material is given.

Structures of transistors in this embodiment will be
described with reference to FIGS. 23A to 23D. Note that
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FIGS. 23A to 23D are schematic cross-sectional views each
showing an example of the structure of the transistor.

A transistor shown in FIG. 23A is provided over an insu-
lating layer 600(¢) and embedded insulators 612a(a) and
6125(a) which are formed to be embedded in the insulating
layer 600(a).

The transistor shown in FIG. 23 A includes a gate electrode
601(a), a gate insulating layer 602(a), an oxide semiconduc-
tor layer 603(a), a source electrode 605a(a), and a drain
electrode 6055(a).

The oxide semiconductor layer 603(a) includes an impu-
rity region 604a(a) and an impurity region 6045(a). The
impurity region 604a(a) and the impurity region 6045(a) are
apart from each other and dopants (impurities) are imparted
thereto. A region between the impurity region 604a(a) and the
impurity region 6045(a) serves as a channel formation region.
The oxide semiconductor layer 603(a) is provided over the
insulating layer 600(a). The impurity region 604a(a) and the
impurity region 6045(a) are not necessarily provided. Note
that in the transistor shown in FIG. 23 A, the impurity region
604a(a) and the impurity region 6045(a) are semiconductor
regions having n*-type conductivity.

A sidewall insulator 616a(a) and a sidewall insulator
6165(a) are provided on both side surfaces of the gate elec-
trode 601(a), and an insulating layer 606(a) is provided in an
upper portion of the gate electrode 601(a) to prevent short
circuit of the gate electrode 601(a) and another wiring.

The source electrode 605a(a) and the drain electrode
6055H(a) are provided over the oxide semiconductor layer
603(a) and electrically connected to the oxide semiconductor
layer 603(a).

The source electrode 605a(a) overlaps with part of the
impurity region 604a(a). When the source electrode 605a(a)
overlaps with part of the impurity region 604a(a), resistance
between the source electrode 605a(a) and the impurity region
604a(a) can be low.

The drain electrode 6055(a) overlaps with part of the impu-
rity region 6045(a). When the drain electrode 6055(a) over-
laps with part of the impurity region 6045(a), resistance
between the drain electrode 6055(a) and the impurity region
6045(a) can be low.

The gate insulating layer 602(a) is provided over the oxide
semiconductor layer 603(a).

The gate electrode 601(a) overlaps with the oxide semi-
conductor layer 603(a) with the gate insulating layer 602(a)
provided therebetween. A region in the oxide semiconductor
layer 603(a), which overlaps with the gate electrode 601(a)
with the gate insulating layer 602(a) provided therebetween
serves as the channel formation region.

A transistor shown in FIG. 23B is formed over an insulat-
ing layer 600(b) and embedded insulators 612a(b) and
6125(b) which are formed to be embedded in the insulating
layer 600(5).

The transistor shown in FIG. 23B includes a gate electrode
601(5), a gate insulating layer 602(5), an oxide semiconduc-
tor layer 603(b), a source electrode 605a(b), and a drain
electrode 6055(b).

The oxide semiconductor layer 603(5) includes an impu-
rity region 604a(b) and an impurity region 6045(b). The
impurity region 604a(b) and the impurity region 6045(b) are
apart from each other and dopants (impurities) are imparted
thereto. A region between the impurity region 604a(b) and the
impurity region 6045(b) serves as a channel formation region.
The oxide semiconductor layer 603(5) is provided over the
insulating layer 600(5). Note that the impurity region 604a(b)
and the impurity region 6045(b) are not necessarily provided.
Note that in the transistor shown in FIG. 23B, the impurity
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region 604a(b) and the impurity region 6045(b) are semicon-
ductor regions each having n*-type conductivity.

A sidewall insulator 616a(b) and a sidewall insulator
6165(b) are provided on both side surfaces of the gate elec-
trode 601(), and an insulating layer 606(5) is provided in an
upper portion of the gate electrode 601(b) to prevent short
circuit of the gate electrode 601(b) and another wiring.

The source electrode 605a(b) and the drain electrode
6056(b) are provided over the oxide semiconductor layer
603(b) and electrically connected to the oxide semiconductor
layer 603(5).

The source electrode 605a(b) overlaps with the impurity
region 604a(b). When the source electrode 605a(b) overlaps
with the impurity region 604a(b), resistance between the
source electrode 605a(b) and the impurity region 604a(b) can
be low.

The drain electrode 6055(b) overlaps with the impurity
region 6045(b). When the drain electrode 6055(b) overlaps
with part of the impurity region 6045(b), resistance between
the drain electrode 6055(b) and the impurity region 6045(b)
can be low.

The gate insulating layer 602(5) is provided over the oxide
semiconductor layer 603(5).

The gate electrode 601(5) overlaps with the oxide semi-
conductor layer 603(b) with the gate insulating layer 602(5)
provided therebetween. A region in the oxide semiconductor
layer 603(b), which overlaps with the gate electrode 601(5)
with the gate insulating layer 602(5) provided therebetween
serves as the channel formation region.

In the transistor shown in FIG. 23 A, the impurity region
604a(a) and the impurity region 6045(a) are provided to
overlap with the sidewall insulator 616a(a) and the sidewall
insulator 6165(a), respectively. On the other hand, in the
transistor shown in FIG. 23B, the impurity region 604a(b)
and the impurity region 6045(b) are provided not to overlap
with the sidewall insulator 616a(b) and the sidewall insulator
6165(b), respectively.

The transistor shown in FIG. 23C includes a gate electrode
601(c), a gate insulating layer 602(c), an oxide semiconduc-
tor layer 603(c), a source electrode 605a(c), and a drain
electrode 6055(c).

The oxide semiconductor layer 603(c) includes an impu-
rity region 604a(c) and an impurity region 6045(c). The
impurity region 604a(c) and the impurity region 6045(c) are
apart from each other and dopants (impurities) are imparted
thereto. A region between the impurity region 604a(c) and the
impurity region 6045(c) serves as a channel formation region.
The oxide semiconductor layer 603(c) is provided over the
insulating layer 600(c). Note that the impurity region 604a(c)
and the impurity region 6045(c) are not necessarily provided.

The source electrode 605a(c) and the drain electrode
6055(c) are provided over the oxide semiconductor layer
603(c) and electrically connected to the oxide semiconductor
layer 603(c). Side surfaces of the source electrode 605a(c)
and the drain electrode 6055(c) are tapered.

The source electrode 605a(c) overlaps with part of the
impurity region 604a(c); however, this embodiment is not
limited thereto. When the source electrode 605a(c) overlaps
with part of the impurity region 604a(c), resistance between
the source electrode 605a(c) and the impurity region 604a(c)
can be low. An entire region of the oxide semiconductor layer
603(c) which overlaps with the source electrode 605a(c) may
be the impurity region 604a(c).

The drain electrode 6055(c) overlaps with part of the impu-
rity region 6045(c); however, this embodiment is not limited
thereto. When the drain electrode 6055(c) overlaps with part
of the impurity region 6045(c), resistance between the drain
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electrode 6055(c) and the impurity region 6045(c) can be low.
An entire region of the oxide semiconductor layer 603(c)
which overlaps with the drain electrode 6055(c) may be the
impurity region 6045(c).

The gate insulating layer 602(c) is provided over the oxide
semiconductor layer 603(c), the source electrode 605a(c),
and the drain electrode 6055(c).

The gate electrode 601(c) overlaps with the oxide semi-
conductor layer 603(c) with the gate insulating layer 602(c)
provided therebetween. A region in the oxide semiconductor
layer 603(c), which overlaps with the gate electrode 601(c)
with the gate insulating layer 602(c) provided therebetween
serves as the channel formation region.

A transistor shown in FIG. 23D includes a gate electrode
601(d), a gate insulating layer 602(d), an oxide semiconduc-
tor layer 603(d), a source electrode 605a(d), and a drain
electrode 6055(d).

The source electrode 605a(d) and the drain electrode
6055(d) are provided over an insulating layer 600(d). The side
surfaces of the source electrode 605a(d) and the drain elec-
trode 6055(d) are tapered.

The oxide semiconductor layer 603(d) includes an impu-
rity region 604a(d) and an impurity region 6045(d). The
impurity region 604a(d) and the impurity region 6045(d) are
apart from each other and dopants are imparted thereto. A
region between the impurity region 604a(d) and the impurity
region 6045(d) serves as a channel formation region. For
example, the oxide semiconductor layer 603(d) is provided
over the source electrode 605a(d), the drain electrode
6055(d), and the insulating layer 600(d), and is electrically
connected to the source electrode 605a(d) and the drain elec-
trode 6055(d). Note that the impurity region 604a(d) and the
impurity region 6045(d) are not necessarily provided.

The impurity region 604a(d) is electrically connected to
the source electrode 605a(d).

The impurity region 6045(d) is electrically connected to
the drain electrode 6055(d).

The gate insulating layer 602(d) is provided over the oxide
semiconductor layer 603(d).

The gate electrode 601(d) overlaps with the oxide semi-
conductor layer 603(d) with the gate insulating layer 602(d)
provided therebetween. A region in the oxide semiconductor
layer 603(d), which overlaps with the gate electrode 601(d)
with the gate insulating layer 602(d) provided therebetween
serves as the channel formation region.

Further, components shown in FIGS. 23A to 23D will be
described.

As each of the insulating layers 600(a) to 600(d), an insu-
lating oxide, a substrate having an insulating surface, or the
like can be used, for example. Further, a layer over which an
element is formed in advance can be used as each of the
insulating layers 600(a) to 600(d).

Each of the gate electrodes 601(a) to 601(d) has a function
of a gate of the transistor. Note that a layer having a function
of a gate of the transistor can be called a gate wiring.

As the gate electrodes 601(a) to 601(d), a layer of a metal
such as molybdenum, magnesium, titanium, chromium, tan-
talum, tungsten, aluminum, copper, neodymium, or scandium
or an alloy containing any of these metals as a main compo-
nent can be used, for example. Alternatively, the gate elec-
trodes 601(a) to 601(d) can be formed by stacking layers of
any of materials that can be used for the gate electrodes
601(a) to 601(d).

Each of the gate insulating layers 602(a) to 602(d) can be,
for example, a silicon oxide layer, a silicon nitride layer, a
silicon oxynitride layer, a silicon nitride oxide layer, an alu-
minum oxide layer, an aluminum nitride layer, an aluminum
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oxynitride layer, an aluminum nitride oxide layer, a hafnium
oxide layer, or a lanthanum oxide layer. Each of the gate
insulating layers 602(a) to 602(d) can be formed by stacking
layers of any of materials that can be used for the gate insu-
lating layers 602(a) to 602(d).

Alternatively, the gate insulating layers 602(a) to 602(d),
an insulating layer of a material containing, for example, an
element that belongs to Group 13 in the periodic table and
oxygen can be used. When the oxide semiconductor layers
603(a) to 603(d) contain an element that belongs to Group 13,
the use of insulating layers each containing an element that
belongs to Group 13 as insulating layers in contact with the
oxide semiconductor layers 603(a) to 603(d) makes the state
of interfaces between the insulating layers and the oxide
semiconductor layers favorable.

Examples of the material containing an element that
belongs to Group 13 include gallium oxide, aluminum oxide,
aluminum gallium oxide, and gallium aluminum oxide. Note
that aluminum gallium oxide refers to a substance in which
the amount of aluminum is larger than that of gallium in
atomic percent, and gallium aluminum oxide refers to a sub-
stance in which the amount of gallium is larger than or equal
to that of aluminum in atomic percent. As the gate insulating
layers 602(a) to 602(d), a material represented by Al O,
(x=3+a., where a. is larger than or equal to 0 and smaller than
1), Ga,0O, (x=3+a, where a is larger than 0 and smaller than
1), or Ga,Al, O, (xis larger than 0 and smaller than 2 and
a.is larger than 0 and smaller than 1) canbe used, for example.

Each of the gate insulating layers 602(a) to 602(d) can be
formed by stacking layers of any of materials which can be
used for the gate insulating layers 602(a) to 602(d). For
example, the gate insulating layers 602(a) to 602(d) can be
formed by stacking layers containing gallium oxide repre-
sented by Ga,O,. Alternatively, the gate insulating layers
602(a) to 602(d) may be a stack of layers of an insulating
layer containing gallium oxide represented by Ga,O, and an
insulating layer containing aluminum oxide represented by
AlO,.

The gate insulating layers 602(a) to 602(d) each contain
oxygen at least in a portion in contact with the oxide semi-
conductor layer and are each preferably formed using an
insulating oxide from which part of oxygen is eliminated by
heating. When the portion of the gate insulating layers 602(a)
to 602(d) each of which is in contact with the oxide semicon-
ductor layer are each formed using silicon oxide, oxygen can
be diffused to the oxide semiconductor layer and a reduction
in the resistance of the transistor can be prevented.

Note that the gate insulating layers 602(a) to 602(d) may be
formed using a high-k material such as hatnium silicate (Hf-
Si0,), hafnium silicate to which nitrogen is added (HfSi,-
O,N,), hafnium aluminate to which nitrogen is added (HfAl, -
O,N,), hafnium oxide, yttrium oxide, or lanthanum oxide,
whereby gate leakage current can be reduced. Here, gate
leakage current refers to leakage current which flows between
a gate electrode and a source or drain electrode. In addition, a
layer formed using the high-k material and a layer formed
using silicon oxide, silicon oxynitride, silicon nitride, silicon
nitride oxide, aluminum oxide, aluminum oxynitride, or gal-
lium oxide may be stacked. Note that even in the case where
the gate insulating layers 602(a) to 602(d) each have a
stacked-layer structure, the portion in contact with the oxide
semiconductor layer is preferably formed using an insulating
oxide.

Further, when the channel length of the transistor is 30 nm,
the thickness of each of the oxide semiconductor layers 603
(a) to 603(d) may be approximately 5 nm, for example. In this
case, if the oxide semiconductor layers 603(a) to 603(d) are
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oxide semiconductor layers of CAAC-OS films (described
later), a short channel effect in the transistor can be sup-
pressed.

Dopants (impurities) imparting n-type or p-type conduc-
tivity are added to the impurity regions 604a(a) to 604a(d)
and the impurity regions 6045(a) to 6045(d), and each of the
impurity regions serves as a source region or a drain region of
the transistor.

As the dopants, for example, one or more of elements of
Group 13 in the periodic table (e.g., boron), of Group 15 inthe
periodic table (e.g., one or more of nitrogen, phosphorus, and
arsenic), and of rare gas (e.g., one or more of helium, argon,
and xenon) can be used.

Here, the dopant may be added by an ion implantation
method or an ion doping method. Alternatively, the dopant
may be added by performing plasma treatment in an atmo-
sphere of a gas containing the dopant.

By addition of the dopants to the impurity regions 604a(a)
to 604a(d) and the impurity regions 6045(a) to 6045(d), con-
nection resistance between the impurity region and the source
electrode or the drain electrode can be reduced, resulting in
miniaturization of the transistor.

The source electrodes 605a(a) to 605a(d) and the drain
electrodes 6055(a) to 6055(d) function as the source or the
drain of the transistor. Note that a layer functioning as a
source of the transistor is also referred to as a source electrode
or a source wiring, and a layer functioning as a drain of the
transistor is also referred to as a drain electrode or a drain
wiring.

Each of the source electrodes 605a(a) to 605a(d) and the
drain electrodes 6055(a) to 6055(d) can be formed using, for
example, a metal such as aluminum, magnesium, chromium,
copper, tantalum, titanium, molybdenum, or tungsten; or an
alloy which contains any of the above metals as a main com-
ponent. For example, each of the source electrodes 605a(a) to
605a(d) and the drain electrodes 6055(a) to 6055(d) can be
formed using a stacked-layer structure including a layer of an
alloy containing copper, magnesium, and aluminum. Alter-
natively, each of the source electrodes 605a(a) to 605a(d) and
the drain electrodes 6055(a) to 6055(d) can be formed by
stacking layers of any of materials that can be used for the
source electrodes 605a(a) to 605a (d) and the drain electrodes
6055(a) to 6055(d). For example, each of the source elec-
trodes 605a(a) to 605a(d) and the drain electrodes 6055(a) to
6055(d) can be formed using a stacked-layer structure includ-
ing a layer of an alloy containing copper, magnesium, and
aluminum and a layer containing copper.

Further, a layer containing a conductive metal oxide can be
used for each of the source electrodes 605a(a) to 605a(d) and
the drain electrodes 6055(a) to 6055(d). Examples of the
conductive metal oxide include indium oxide, tin oxide, zinc
oxide, indium oxide-tin oxide, and indium oxide-zinc oxide.
Note that the conductive metal oxide that can be used for each
of the source electrodes 605a(a) to 605a(d) and the drain
electrodes 6055(a) to 6055(d) may contain silicon oxide.

The source electrodes 605a(a) to 605a(d) and the drain
electrodes 6055(a) to 6055(d) may be selectively formed in
such a manner that, for example, a conductive film (e.g., a
metal film or a silicon film to which an impurity element
imparting one conductivity type is added) is formed by a
sputtering method, an etching mask is formed over the con-
ductive film, and etching is performed. Alternatively, an ink-
jet method may be used. The conductive film serving as the
source electrodes 605a(a) to 605a(d) and the drain electrodes
6055(a) to the 6055(d) may be formed to have a single-layer
structure or a stacked-layer structure. For example, the con-
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ductive film is formed to have a three-layer structure in which
an Al layer is sandwiched between Ti layers.

Each of the insulating layers 600(a) to 600(d) can be
formed by stacking layers of any of materials that can be used
for the gate insulating layers 602(a) to 602(d), for example.
Further, the insulating layers 600(a) to 600(d) may be formed
by stacking layers of any of materials that can be used for the
gate insulating layers 602(a) to 602(d). For example, the
insulating layers 600(a) to 600(d) formed by stacking an
aluminum oxide layer and a silicon oxide layer can prevent
elimination of oxygen contained in the insulating layers
600(a) to 600(d) through the oxide semiconductor layers
603(a) to 603(d).

A single layer or a stack of layers of any of materials that
can be used for the gate insulating layers 602(a) to 602(d) can
be used for the insulating layer 606(a), the insulating layer
606(b), the embedded insulator 612a(a), the embedded insu-
lator 6125(a), the embedded insulator 612a(b), the embedded
insulator 6125(b), the sidewall insulator 616a(a), the sidewall
insulator 6165(a), the sidewall insulator 616a(b), and the
sidewall insulator 6165(b).

When the insulating layer which is in contact with each of
the oxide semiconductor layers 603(a) to 603(d) contains
oxygen excessively, the oxide semiconductor layers 603(a)to
603(d) are easily supplied with oxygen. As a result, an oxygen
defect in the oxide semiconductor layers 603(a) to 603(d) or
at an interface between each of the oxide semiconductor
layers 603(a) to 603(d) and the insulating layer can be
reduced, which results in further reduction in the carrier con-
centration in each ofthe oxide semiconductor layers 603(a) to
603(d). Without limitation thereon, in the case where the
oxide semiconductor layer 603(a) contains oxygen exces-
sively by the manufacturing steps, elimination of oxygen
from the oxide semiconductor layer 603(a) can be prevented
by the insulating layer in contact with the oxide semiconduc-
tor layer 603(a).

A base insulating layer may be provided between the oxide
semiconductor layers 603(a) to 603(d) and the insulating
layers 600(a) to 600(d). The base insulating layer contains
oxygen at least in its surface and may be formed using an
insulating oxide in which part of the oxygen is eliminated by
heat treatment. As an insulating oxide in which part of oxygen
is eliminated by heat treatment, a material containing more
oxygen than that in the stoichiometric proportion is prefer-
ably used. This is because an oxide semiconductor layer in
contact with the base insulating layer can be supplied with
oxygen by the heat treatment.

As an insulating oxide containing more oxygen than that in
the stoichiometric proportion, silicon oxide represented by
SiO, where x>2 can be given, for example. Note that there is
no limitation thereon, and the base insulating layer may be
formed using silicon oxide, silicon oxynitride, silicon nitride
oxide, aluminum oxynitride, gallium oxide, hathium oxide,
yttrium oxide, or the like.

The base interlayer insulating layer may be a stack of a
plurality of films. The base insulating layer may have a
stacked-layer structure in which a silicon oxide film is formed
over a silicon nitride film, for example.

In an insulating oxide containing more oxygen than that in
the stoichiometric proportion, part of oxygen is easily elimi-
nated by heat treatment. The amount of eliminated oxygen
(the value converted into that of oxygen atoms) obtained by
TDS analysis when part of oxygen is easily eliminated by heat
treatment is greater than or equal to 1.0x10'® atoms/cm?,
preferably greater than or equal to 1.0x10?° atoms/cm>, more
preferably greater than or equal to 3.0x10°° atoms/cm®.
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The base insulating layer may be formed by a sputtering
method, a CVD method, or the like. The base insulating layer
is preferably formed by a sputtering method. In the case
where a silicon oxide film is formed as the base insulating
layer, a quartz (preferably, synthesized quartz) target may be
used as a target, and an argon gas may be used as a sputtering
gas. Alternatively, a silicon target and a gas containing oxy-
gen may be used as a target and a sputtering gas, respectively.
As the gas containing oxygen, a mixed gas of an argon gas and
an oxygen gas may be used or only an oxygen gas may be
used.

After the base insulating layer is formed, a first heat treat-
ment is performed before an oxide semiconductor layer serv-
ing as the oxide semiconductor layers 603(a) to 603(d) is
formed. The first heat treatment is performed to remove water
and hydrogen contained in the base insulating layer. The
temperature of the first heat treatment is higher than or equal
to atemperature at which water and hydrogen contained in the
base insulating layer are eliminated (a temperature at which
the amount of eliminated water and hydrogen has a peak) and
lower than a temperature at which the substrate is changed in
quality, preferably higher than or equal to 400° C. and lower
than or equal to 750° C. For example, it is sufficient that the
temperature of the first heat treatment is lower than the tem-
perature of a second heat treatment performed later.

Then, the second heat treatment is performed after the
oxide semiconductor layer is formed. The second heat treat-
ment is performed to supply oxygen to the oxide semicon-
ductor layer from the base insulating layer which serves as a
source of oxygen. The timing of the second heat treatment is
not limited to this timing, and the second heat treatment may
be performed after the oxide semiconductor layer is pro-
cessed.

Note that it is preferable that the second heat treatment be
performed in a nitrogen gas atmosphere or a rare gas atmo-
sphere including helium, neon, argon, or the like and the
atmosphere do not contain hydrogen, water, a hydroxyl
group, hydride, and the like. Alternatively, the purity of a
nitrogen gas or a rare gas such as helium, neon, or argon that
is introduced into a heat treatment apparatus is preferably
higher than or equal to 6N (99.9999%), more preferably
higher than or equal to 7N (99.99999%)) (that is, the impurity
concentration be lower than or equal to 1 ppm, preferably
lower than or equal to 0.1 ppm).

In some cases, the oxide semiconductor layer may be crys-
tallized into a microcrystalline oxide semiconductor layer or
a polycrystalline oxide semiconductor layer, depending on
the conditions of the second heat treatment or the material of
the oxide semiconductor layer. For example, the oxide semi-
conductor layer may be crystallized into a microcrystalline
oxide semiconductor layer having a degree of crystallization
of greater than or equal to 90%, or greater than or equal to
80%. Further, the oxide semiconductor layer may be an amor-
phous oxide semiconductor layer without containing a crys-
talline component, depending on the conditions of the second
heat treatment or the material of the oxide semiconductor
layer. Furthermore, a microcrystal (the grain size of the crys-
tal is greater than or equal to 1 nm and less than or equal to 20
nm) is contained in the amorphous layer in some cases.

In the case of a crystalline oxide semiconductor layer, the
average surface roughness (R ) of a surface where the oxide
semiconductor film is formed is preferably greater than or
equal to 0.1 nm and less than 0.5 nm. The oxide semiconduc-
tor film may be formed over a surface with the average surface
roughness (R,) of less than or equal to 1 nm, preferably less
than or equal to 0.3 nm, more preferably less than or equal to
0.1 nm.
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Note that here, the average surface roughness (R,) is
obtained by three-dimensional expansion of arithmetic mean
surface roughness (R,,) which is defined by JIS B 0601:2001
(ISO 4287:1997) so that R, can be applied to a curved surface,
and is an average value of the absolute values of deviations
from a reference surface to a specific surface.

Here, the arithmetic mean surface roughness (R ,) is shown
by the following formula (1) assuming that a portion of a
roughness curve is withdrawn in a length corresponding to an
evaluation length L, the direction of the mean line of the
roughness curve of the picked portion is represented by an
x-axis, the direction of longitudinal magnification (direction
perpendicular to the x-axis) is represented by a y-axis, and the
roughness curve is expressed as y=f(x).

[Formula 1]

Ra = 1~[‘L0| \ (D
a-z : f(x)|dx

When a curved surface obtained by cutting off a long-
wavelength component from a measured surface is expressed
as Z,=t(x,y), the average surface roughness (R ) is an average
value of the absolute values of deviations from the reference
surface to the specific surface and is shown by the following
formula (2).

[Formula 2]

Ra - @

1 2
5 [ i - zaxy
0y Vxg

Here, the specific surface is a surface which is a target of
roughness measurement, and is a quadrilateral region which
is surrounded by four points represented by the coordinates
XY IR LY D), (RY2T(X1LY2))s (KoY 15X,y 1)), and (X5, ¥,
f(X5,¥,)). S, represents the area of the specific surface when
the specific surface is flat ideally.

In addition, the reference surface is a surface parallel to an
x-y plane at the average height of the specific surface. That is,
when the average value of the height of the specific surface is
expressed as Z,, the height of the reference surface is also
expressed as Z,.

Chemical mechanical polishing (CMP) treatment may be
performed so that the average surface roughness of a surface
where the oxide semiconductor layer is formed can be greater
than or equal to 0.1 nm and less than 0.5 nm. The CMP
treatment may be performed before formation of the oxide
semiconductor layer but is preferably performed before the
first heat treatment.

The CMP treatment may be performed at least once. When
the CMP treatment is performed in plural times, it is prefer-
able that the first polishing step be performed at a high pol-
ishing rate and be followed by a final polishing step at a low
polishing rate.

Instead of the CMP treatment, dry etching or the like may
be performed in order to planarize the surface where the oxide
semiconductor layer is formed. As an etching gas, a chlorine-
based gas such as a chlorine gas, a boron chloride gas, a
silicon chloride gas, or a carbon tetrachloride gas, a fluorine-
based gas such as a carbon tetrafluoride gas, a sulfur fluoride
gas, or a nitrogen fluoride gas, or the like can be used as
appropriate.
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Instead of the CMP treatment, plasma treatment or the like
may be performed in order to planarize the surface where the
oxide semiconductor layer is formed. A rare gas may be used
in the plasma treatment. In the plasma treatment, a surface to
be processed is irradiated with ions of an inert gas, and minute
projections and depressions on the surface to be processed are
planarized by a sputtering effect. Such plasma treatment is
also referred to as reverse sputtering.

Note that any of the above treatments may be employed in
order to planarize the surface where the oxide semiconductor
layer is formed. For example, only reverse sputtering may be
performed. Alternatively, dry etching may be performed after
the CMP treatment. Note that it is preferable that dry etching
or reverse sputtering be used so that water can be prevented
from entering the surface where the oxide semiconductor
layer is formed. In particular, in the case where planarization
treatment is performed after the first heat treatment, dry etch-
ing or reverse sputtering is preferably used.

The oxide semiconductor layer preferably contains at least
indium (In) or zinc (Zn). In particular, both In and Zn are
preferably contained. In addition, gallium (Ga) is preferably
contained. When gallium (Ga) is contained, variations in the
transistor characteristics can be reduced. Such an element
capable of reducing variations in the transistor characteristics
is referred to as a stabilizer. As a stabilizer, tin (Sn), hafnium
(Hf), or aluminum (Al), can be given.

As another stabilizer, a lanthanoid such as lanthanum (La),
cerium (Ce), praseodymium (Pr), neodymium (Nd),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium
(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium
(Tm), ytterbium (Yb), and lutetium (Lu) can be given. One or
a plurality of these elements can be contained.

As the oxide semiconductor, for example, any of the fol-
lowing can be used: indium oxide; tin oxide; zinc oxide; a
two-component metal oxide such as an In—Zn-based oxide,
a Sn—7n-based oxide, an Al—Z/n-based oxide, a Zn—Mg-
based oxide, a Sn—Mg-based oxide, an In—Mg-based
oxide, or an In—Ga-based oxide; a three-component metal
oxide such as an In—Ga—Z7n-based oxide (also referred to as
1GZ0), an In—Al—Zn-based oxide, an In—Sn—Zn-based

oxide, a Sn—Ga—~Zn-based oxide, an Al-—Ga—Zn-based
oxide, a Sn—Al—Zn-based oxide, an In—Hf—Zn-based
oxide, an In—La—Zn-based oxide, an In—Ce—Zn-based
oxide, an In—Pr—Zn-based oxide, an In—Nd—Zn-based
oxide, an In—Sm-—Zn-based oxide, an In—FEu—Zn-based
oxide, an In—Gd—~Zn-based oxide, an In—Tb—Zn-based
oxide, an In—Dy—Z7n-based oxide, an In—Ho—Zn-based
oxide, an In—FEr—Zn-based oxide, an In—Tm—Zn-based
oxide, an In—Yb—Zn-based oxide, or an In—Lu—Zn-

based oxide; or a four-component metal oxide such as an
In—Sn—Ga—Zn-based oxide, an In—Hf—Ga—Zn-based
oxide, an In—Al—Ga—Zn-based oxide, an In—Sn—Al—
Zn-based oxide, an In—Sn—Hf—Zn-based oxide, or an
In—Hf—Al—7n-based oxide.

Note that here, for example, an “In—Ga—Z7n-based
oxide” means an oxide containing In, Ga, and Zn as its main
component and there is no particular limitation on the ratio of
In:Ga:Zn. The In—Ga—Z7n-based oxide may contain a metal
element other than the In, Ga, and Zn.

For example, an In—Ga—Z7n-based oxide with an atomic
ratio of In:Ga:Zn=1:1:1 (=1/3:1/3:1/3) or In:Ga:Zn=2:2:1
(=2/5:2/5:1/5), or any of oxides whose composition is in the
neighborhood of the above compositions can be used. Alter-
natively, an In—Sn—Z7n-based oxide with an atomic ratio of
In:Sn:Zn=1:1:1 (=1/3:1/3:1/3), In:Sn:Zn=2:1:3 (=1/3:1/6:1/
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2), or In:Sn:Zn=2:1:5 (=1/4:1/8:5/8), or any of oxides whose
composition is in the neighborhood of the above composi-
tions may be used.

However, the oxide semiconductor layer which can be used
in one embodiment of the present invention is not limited to
those described above, and an oxide semiconductor film
including an appropriate composition may be used in accor-
dance with needed semiconductor characteristics (the mobil-
ity, the threshold voltage, the variation, and the like). In accor-
dance with needed transistor characteristics (semiconductor
characteristics), the carrier density, the impurity concentra-
tion, the defect density, the atomic ratio of a metal element
and oxygen, the interatomic distance, the density, and the like
may be appropriately adjusted.

For example, relatively high mobility can be obtained with
the use of an In—Sn—Zn-based oxide. However, mobility
can be increased by reducing the defect density in a bulk also
in the case of using an In—Ga—Zn-based oxide.

Note that for example, the expression “the composition of
an oxide including In, Ga, and Zn at the atomic ratio, In:Ga:
Zn=a:b:c (a+b+c=1), is in the neighborhood of the composi-
tion of an oxide containing In, Ga, and Zn at the atomic ratio,
In:Ga:Zn=A:B:C (A+B+C=1)"” means that a, b, and ¢ satisfy
the following relation: (a—A)*+(b-B)*+(c-C)*<r?, and r may
be 0.05, for example.

The oxide semiconductor may be either single crystal or
non-single-crystal. In the case where the oxide semiconduc-
tor is non-single-crystal, the oxide semiconductor may be
either amorphous or polycrystalline. Further, the oxide semi-
conductor may have a structure including a crystal part in an
amorphous part. Alternatively, the oxide semiconductor may
be non-amorphous.

Note that the metal oxide preferably contains oxygen in
excess of the stoichiometric proportion. When excess oxygen
is contained, generation of carriers due to oxygen deficiency
in the oxide semiconductor layer to be formed can be pre-
vented.

Note that for example, in the case where the oxide semi-
conductor layer is formed using an In—Z7n-based metal
oxide, the atomic ratio of In/Zn is 1 to 100, preferably 1 to 20,
more preferably 1 to 10 in an atomic ratio. When the atomic
ratio of Into Zn is in the above preferred range, the field-effect
mobility can be improved. Here, when the atomic ratio of the
metal oxide is In:Zn:0=X:Y:Z, it is preferable to satisfy the
relation of Z>1.5X+Y so that excess oxygen is contained.

The packing ratio of a sitering body used for the target of
the target is greater than or equal to 90% and less than or equal
to 100%, preferably greater than or equal to 95% and less than
or equal to 100%. With the target having a high filling factor,
a dense oxide semiconductor layer can be formed.

Note that the energy gap of a metal oxide which can be
applied to the oxide semiconductor layer is preferably 2 eV or
more, more preferably 2.5 eV or more, still more preferably 3
eV or more. In this manner, the off-state current of a transistor
can be reduced by using a metal oxide having a wide band
gap.

Note that the oxide semiconductor layer contains hydro-
gen. Note that the hydrogen may be contained in the oxide
semiconductor layer in the form of a hydrogen molecule,
water, a hydroxyl group, or hydride in some cases, in addition
to a hydrogen atom. It is preferable that hydrogen contained
in the oxide semiconductor film be as little as possible.

Note that the concentrations of an alkali metal and an
alkaline earth metal in the oxide semiconductor layer are
preferably low, and these concentrations are preferably lower
than or equal to 1x10'® atoms/cm®, more preferably lower
than or equal to 2x10*° atoms/cm’. When an alkali metal and
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an alkaline earth metal are bonded to an oxide semiconductor,
carriers may be generated, which causes increase in the oft-
state current of the transistor.

Note that there is no particular limitation on the formation
method and the thickness of the oxide semiconductor layer,
and they can be determined in consideration of the size or the
like of a transistor to be manufactured. Examples of the for-
mation method of the oxide semiconductor layer include a
sputtering method, a molecular beam epitaxy method, a coat-
ing method, a printing method, a pulsed laser deposition
method, and the like. The thickness of the oxide semiconduc-
tor layer is preferably 3 nm or more and 50 nm or less. This is
because the transistor might be normally on when the oxide
semiconductor layer has a large thickness of 50 nm or more.
In a transistor having a channel length of 30 nm, when the
oxide semiconductor film has a thickness of 5 nm or less, a
short-channel effect can be suppressed.

Here, as a preferable example, a method for forming the
oxide semiconductor layer by a sputtering method using an
In—Ga—7n-based metal oxide target will be described. A
rare gas (e.g., an argon gas), an oxygen gas, or a mixed gas of
arare gas and an oxygen gas may be used as a sputtering gas.

Itis preferable that a high-purity gas from which hydrogen,
water, a hydroxyl group, or hydride is removed be used as the
sputtering gas for the formation of the oxide semiconductor
layer. In order to keep the high purity of a sputtering gas, it is
preferable that a gas adsorbed on the inner wall or the like of
aprocess chamber be removed, and a surface where the oxide
semiconductor layer is formed be subjected to heat treatment
before the formation. In addition, a high-purity sputtering gas
may be introduced to the treatment chamber. In that case, the
purity of an argon gas may be 9N (99.9999999%) or higher,
the dew point thereof may be —=121° C. or less, the concen-
tration of water may be 0.1 ppb or less, and the concentration
ot hydrogen may be 0.5 ppb or less. The purity of an oxygen
gas may be 8N (99.999999%) or higher, the dew point thereof
may be —112° C. or less, the concentration of water may be 1
ppb or less, and the concentration of hydrogen may be 1 ppb
or less. The oxide semiconductor layer is formed while the
surface where the oxide semiconductor layer is formed is
heated and temperature is kept high, whereby the concentra-
tion of impurities such as water contained in the oxide semi-
conductor layer can be reduced. In addition, with the use of a
sputtering method, damage to the oxide semiconductor layer
can be reduced.

Further, oxygen may be supplied by ion implantation in
order to contain oxygen excessively in the oxide semiconduc-
tor layer.

Here, description will be given of a c-axis aligned crystal-
line oxide semiconductor (CAAC-OS) film that is one mode
of a structure of an oxide semiconductor.

The CAAC-OS film is not completely single crystal nor
completely amorphous. The CAAC-OS film is an oxide semi-
conductor film with a crystal-amorphous mixed phase struc-
ture where crystal parts and amorphous parts are included.
Note that in most cases, the crystal part fits inside a cube
whose one side is less than 100 nm. From an observation
image obtained with a transmission electron microscope
(TEM), a boundary between an amorphous part and a crystal
part in the CAAC-OS film is not clear. Further, with the TEM,
a grain boundary in the CAAC-OS film is not found. Thus, in
the CAAC-OS film, areduction in electron mobility due to the
grain boundary is suppressed.

In each of the crystal parts included in the CAAC-OS film,
a c-axis is aligned in a direction parallel to a normal vector of
a surface where the CAAC-OS film is formed or a normal
vector of a surface of the CAAC-OS film, triangular or hex-
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agonal atomic arrangement which is seen from the direction
perpendicular to the a-b plane is formed, and metal atoms are
arranged in a layered manner or metal atoms and oxygen
atoms are arranged in a layered manner when seen from the
direction perpendicular to the c-axis. Note that, among crystal
parts, the directions of the a-axis and the b-axis of one crystal
part may be different from those of another crystal part. In this
specification, a simple term “perpendicular” includes a range
from 85° 10 95°. In addition, a simple term “parallel” includes
a range from -5° to 5°.

In the CAAC-OS film, distribution of crystal parts is not
necessarily uniform. For example, in the formation process of
the CAAC-OS film, in the case where crystal growth occurs
from a surface side of the oxide semiconductor film, the ratio
of crystal parts in the vicinity of the surface of the oxide
semiconductor film is higher than that in the vicinity of the
surface where the oxide semiconductor film is formed in
some cases. Further, when an impurity or the like is added to
the CAAC-OS film, the crystal part in a region to which the
impurity is added becomes amorphous in some cases.

Since the c-axes of the crystal parts included in the CAAC-
OS film are aligned in the direction parallel to a normal vector
of a surface where the CAAC-OS film is formed or a normal
vector of a surface of the CAAC-OS film, the directions of the
c-axes may be different from each other depending on the
shape of the CAAC-OS film (the cross-sectional shape of the
surface where the CAAC-OS film is formed or the cross-
sectional shape of the surface of the CAAC-OS film). Note
that when the CAAC-OS film is formed, the direction of
c-axis of the crystal part is the direction parallel to a normal
vector of the surface where the CAAC-OS film is formed ora
normal vector of the surface of the CAAC-OS film. The
crystal part is formed by film formation or by performing
treatment for crystallization such as heat treatment after film
formation.

With the use of the CAAC-OS film, drifting in the electric
characteristics of a transistor due to irradiation with visible
light or ultraviolet light can be reduced. Thus, a highly reli-
able transistor can be fabricated.

An example of a crystalline structure included in the
CAAC-OS film will be described in detail with reference to
FIGS. 7A to 7E, FIGS. 8A to 8C, FIGS. 9A to 9C, and FIGS.
10A and 10B. In FIGS. 7A to 7E, FIGS. 8A to 8C, FIGS. 9A
to 9C, and

FIGS. 10A and 10B, the vertical direction corresponds to
the c-axis direction and a plane perpendicular to the c-axis
direction corresponds to the a-b plane, unless otherwise
specified. When the expressions “an upper half” and “a lower
half” are simply used, they refer to an upper halfabove the a-b
plane and a lower half below the a-b plane (an upper half and
a lower half with respect to the a-b plane). Furthermore, in
FIGS. 7A to 7E, O surrounded by a circle represents a tetra-
coordinate O atom and a double circle represents a tricoordi-
nate O atom.

FIG. 7A shows a structure including one hexacoordinate In
atom and six tetracoordinate oxygen (hereinafter referred to
as tetracoordinate O) atoms proximate to the In atom. Here, a
structure including one metal atom and oxygen atoms proxi-
mate thereto is referred to as a small group. The structure in
FIG. 7A is actually an octahedral structure, but is shown as a
planar structure for simplicity. Note that three tetracoordinate
O atoms exist in each of an upper half and a lower halfin FIG.
7A. Inthe small group shown in FIG. 7A, total electric charge
is 0.

FIG. 7B shows a structure including one pentacoordinate
Ga atom, three tricoordinate oxygen (hereinafter referred to
as tricoordinate O) atoms proximate to the Ga atom, and two
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tetracoordinate O atoms proximate to the Ga atom. All the
tricoordinate O atoms exist on the a-b plane. One tetracoor-
dinate O atom exists in each of an upper half and a lower half
in FIG. 7B. An In atom can also have the structure shown in
FIG. 7B because an In atom can have five ligands. In the small
group shown in FIG. 7B, total electric charge is 0.

FIG. 7C shows a structure including one tetracoordinate Zn
atom and four tetracoordinate O atoms proximate to the Zn
atom. In FIG. 7C, one tetracoordinate O atom exists in an
upper half and three tetracoordinate O atoms exist in a lower
half. Alternatively, three tetracoordinate O atoms may exist in
the upper half and one tetracoordinate O atom may exist in the
lower half in FIG. 7C. In the small group shown in FIG. 7C,
total electric charge is 0.

FIG. 7D shows a structure including one hexacoordinate
Sn atom and six tetracoordinate O atoms proximate to the Sn
atom. In FIG. 7D, three tetracoordinate O atoms exist in each
of'an upper half and a lower half In the small group shown in
FIG. 7D, total electric charge is +1.

FIG. 7E shows a small group including two Zn atoms. In
FIG. 7E, one tetracoordinate O atom exists in each of an upper
half and a lower half. In the small group shown in FIG. 7E,
total electric charge is 1.

Here, a plurality of small groups form a medium group, and
a plurality of medium groups form a large group.

Now, a rule of bonding between the small groups will be
described. The three O atoms in the upper half with respect to
the hexacoordinate In atom in FIG. 7A each have three proxi-
mate In atoms in the downward direction, and the three O
atoms in the lower half each have three proximate In atoms in
the upward direction. The one O atom in the upper half with
respect to the pentacoordinate Ga atom in FIG. 7B has one
proximate Ga atom in the downward direction, and the one O
atom in the lower half has one proximate Ga atom in the
upward direction. The one O atom in the upper half with
respect to the tetracoordinate Zn atom in FIG. 7C has one
proximate Zn atom in the downward direction, and the three
O atoms in the lower halfeach have three proximate Zn atoms
in the upward direction. Similarly, the number of the tetraco-
ordinate O atoms below the metal atom is equal to the number
of the metal atoms proximate to and above each of the tetra-
coordinate O atoms. Since the coordination number of the
tetracoordinate O atom is four, the sum of the number of the
metal atoms proximate to and below the O atom and the
number of the metal atoms proximate to and above the O atom
is four. Therefore, when the sum of the number of tetracoor-
dinate O atoms above a metal atom and the number of tetra-
coordinate O atoms below another metal atom is four, the two
kinds of small groups including the metal atoms can be
bonded. For example, in the case where the hexacoordinate
metal (In or Sn) atom is bonded through three tetracoordinate
O atoms in the upper half;, it is bonded to the pentacoordinate
metal (Ga or In) atom or the tetracoordinate metal (Zn) atom.

A metal atom having the above coordination number is
bonded to another metal atom having the above coordination
number through a tetracoordinate O atom in the c-axis direc-
tion. In addition to the above, a medium group can be formed
in a different manner by combining a plurality of small groups
so that the total electric charge of the layered structure is O.

FIG. 8A shows a model of a medium group included in a
layered structure of an In—Sn—7n—O0 system oxide. FIG.
8B shows a large group including three medium groups. Note
that FIG. 8C shows an atomic arrangement in the case where
the layered structure in FIG. 8B is observed from the c-axis
direction.

In FIG. 8A, for simplicity, a tricoordinate O atom is omit-
ted and tetracoordinate O atoms are shown by a circle; the
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number in the circle shows the number of tetracoordinate O
atoms. For example, three tetracoordinate O atoms existing in
each of an upper half and a lower half with respect to a Sn
atom are denoted by circled 3. Similarly, in FIG. 8A, one
tetracoordinate O atom existing in each of an upper half and
alower half with respect to an In atom is denoted by circled 1.
FIG. 8A also shows a Zn atom proximate to three tetracoor-
dinate O atoms in an upper half and one tetracoordinate O
atom in a lower half, and a Zn atom proximate to one tetra-
coordinate O atom in an upper half and three tetracoordinate
O atoms in a lower half.

In the medium group included in the layered structure of an
In—Sn—7n—0O system oxide in FIG. 8 A, in the order start-
ing from the top, a Sn atom proximate to three tetracoordinate
O atoms in each of an upper half and a lower half'is bonded to
an In atom proximate to one tetracoordinate O atom in each of
an upper half and a lower half; the In atom is bonded to a Zn
atom proximate to three tetracoordinate O atoms in an upper
half| the Zn atom is bonded to an In atom proximate to three
tetracoordinate O atoms in each of an upper half and a lower
half through one tetracoordinate O atom in a lower half with
respect to the Zn atom, the In atom is bonded to a small group
that includes two Zn atoms and is proximate to one tetraco-
ordinate O atom in an upper half, and the small group is
bonded to a Sn atom proximate to three tetracoordinate O
atoms in each of an upper half and a lower half through one
tetracoordinate O atom in a lower half with respect to the
small group. A plurality of such medium groups are bonded,
so that a large group is formed.

Here, electric charge for one bond of atricoordinate O atom
and electric charge for one bond of a tetracoordinate O atom
can be assumed to be -0.667 and -0.5, respectively. For
example, electric charge of a (hexacoordinate or pentacoor-
dinate) In atom, electric charge of a (tetracoordinate) Zn
atom, and electric charge of a (pentacoordinate or hexacoor-
dinate) Sn atom are +3, +2, and +4, respectively. Accordingly,
total electric charge in a small group including a Sn atom is
+1. Therefore, electric charge of -1, which cancels +1, is
needed to form a layered structure including a Sn atom. As a
structure having electric charge of -1, the small group includ-
ing two Zn atoms as shown in FIG. 7E can be given. For
example, with one small group including two Zn atoms, elec-
tric charge of one small group including a Sn atom can be
cancelled, so that the total electric charge of the layered
structure can be 0.

When the large group shown in FIG. 8B is repeated, a
crystal of an In—Sn—7n—O system oxide (In,SnZn;Oy)
can be obtained. Note that the layered structure of an
In—Sn—7n—O system oxide which is obtained can be
expressed as a composition formula, In,SnZn,0,(Zn0),, (m
is 0 or a natural number).

The above-described rule also applies to the following
oxides: a four-component metal oxide such as an In—Sn—
Ga—Zn—O0 system oxide; a three-component metal oxide
such as an In—Ga—7n—O system oxide (also referred to as
1GZ0), an In—Al—7Zn—O system oxide, a Sn—Ga—
Zn—O0 system oxide, an Al—Ga—Z7n—O0 system oxide, a
Sn—Al—7Zn—0O0 system oxide, an In—Hf—7n—O system
oxide, an In—[a—7n—O system oxide, an In—Ce—
Zn—0O system oxide, an In—Pr—7Zn—O0 system oxide, an
In—Nd—Z7n—O0 system oxide, an In—Sm—7n—O0 system
oxide, an In—FEu—7n—O system oxide, an In—Gd—
Zn—0O system oxide, an In—Tb—Z7n—O system oxide, an
In—Dy—7n—O0 system oxide, an In—Ho—Zn—O0 system
oxide, an In—FEr—7n—O system oxide, an In—Tm—
Zn—0O system oxide, an In—Yb—Zn—O0 system oxide, or
an In—[u—7n—O0 system oxide; a two-component metal
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oxide such as an In—7n—O system oxide, a Sn—7n—0O
system oxide, an Al—Zn—O system oxide, a Zn—Mg—O
system oxide, a Sn—Mg—O system oxide, an In—Mg—O
system oxide, or an In—Ga—O system oxide; and the like.

As an example, FIG. 9A shows a model of a medium group
included in a layered structure of an In—Ga—7n—O system
oxide.

Inthe medium group included in the layered structure of an
In—Ga—7n—0O system oxide in FIG. 9A, in the order start-
ing from the top, an In atom proximate to three tetracoordi-
nate O atoms in each of an upper half and a lower half is
bonded to a Zn atom proximate to one tetracoordinate O atom
in an upper half, the Zn atom is bonded to a Ga atom proxi-
mate to one tetracoordinate O atom in each of an upper half
and a lower half through three tetracoordinate O atoms in a
lower half with respect to the Zn atom, and the Ga atom is
bonded to an In atom proximate to three tetracoordinate O
atoms in each of an upper half and a lower half through one
tetracoordinate O atom in a lower half with respect to the Ga
atom. A plurality of such medium groups are bonded to form
a large group.

FIG. 9B shows a large group including three medium
groups. Note that FIG. 9C shows an atomic arrangement in
the case where the layered structure in FIG. 9B is observed
from the c-axis direction.

Here, since electric charge of a (hexacoordinate or penta-
coordinate) In atom, electric charge of a (tetracoordinate) Zn
atom, and electric charge of a (pentacoordinate) Ga atom are
+3, +2, +3, respectively, electric charge of a small group
including any of an In atom, a Zn atom, and a Ga atom is 0. As
a result, the total electric charge of a medium group having a
combination of such small groups is always 0.

In order to form the layered structure of an In—Ga—
Zn—O system oxide, a large group can be formed using not
only the medium group shown in FIG. 9A but also a medium
group in which the arrangement of the In atom, the Ga atom,
and the Zn atom is different from that in FIG. 9A.

When the large group shown in FIG. 9B is repeated, a
crystal of an In—Ga—Zn—O0 system oxide can be obtained.
Note that the layered structure of an In—Ga—Z7n—O0 system
oxide which is obtained can be expressed as a composition
formula, InGaO; (ZnO),, (nis a natural number).

In the case where n=1 (InGaZnQO,), a crystal structure
shown in FIG. 10A can be obtained, for example. Note that in
the crystal structure in FIG. 10A, a Ga atom and an In atom
each have five ligands as described with reference to FIG. 7B,
a structure in which Ga is replaced with In can be obtained.

In the case where n=2 (InGaZn,O;), a crystal structure
shown in FIG. 10B can be obtained, for example. Note that in
the crystal structure in FIG. 10B, a Ga atom and an In atom
each have five ligands as described with reference to FIG. 7B,
a structure in which Ga is replaced with In can be obtained.

Here, a method for forming the CAAC-OS film will be
described.

First, the oxide semiconductor layer is formed by a sput-
tering method or the like. Note that by forming an oxide
semiconductor layer while keeping the surface where the
oxide semiconductor layer is formed at high temperature, the
ratio ofa crystal part to an amorphous part can be high. At this
time, the temperature of the surface where the oxide semi-
conductor layer is formed may be, for example, higher than or
equalto 150° C. and lower than or equal to 450° C., preferably
higher than or equal to 200° C. and lower than or equal to 350°
C.

Here, the formed oxide semiconductor layer may be sub-
jected to heat treatment. Through this heat treatment, the ratio
of a crystal part to an amorphous part can be high. The
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temperature of this heat treatment is higher than or equal to
200° C. and lower than a temperature at which the surface
where the oxide semiconductor layer is formed is not changed
in quality or shape, preferably higher than or equal to 250° C.
and lower than or equal to 450° C. The time for the heat
treatment may be longer than or equal to 3 minutes, and
preferably shorter than or equal to 24 hours. This is because
the time for the heat treatment decreases the productivity
although the ratio of a crystal part to an amorphous part can be
high. Note that the heat treatment may be performed in an
oxidation atmosphere or an inert atmosphere; however, there
is no limitation thereon. This heat treatment may also be
performed under a reduced pressure.

The oxidation atmosphere is an atmosphere containing an
oxidizing gas. As an example of the oxidizing gas, oxygen,
ozone, and nitrous oxide can be given. It is preferable that
components (e.g., water and hydrogen) which are not prefer-
ably contained in the oxide semiconductor layer be removed
from the oxidation atmosphere as much as possible. For
example, the purity of oxygen, ozone, or nitrous oxide is
higher than or equal to 8N (99.999999%)), preferably higher
than or equal to 9N (99.9999999%)).

The oxidation atmosphere may be an inert gas such as a
rare gas containing an oxidizing gas. Note that the oxidation
atmosphere contains an oxidizing gas at a concentration of
higher than or equal to 10 ppm. An inert atmosphere contains
aninert gas (a nitrogen gas, a rare gas, or the like) and contains
a reactive gas such as an oxidizing gas at a concentration of
less than 10 ppm.

It is sufficient that a rapid thermal anneal (RTA) apparatus
is used for all the heat treatments. With the use of an RTA
apparatus, only in a short time, the heat treatments can be
performed at high temperature. Thus, the oxide semiconduc-
tor layer in which the ratio of a crystal part to an amorphous
part is high can be formed and a decrease in productivity can
be suppressed.

However, the apparatus used for all the heat treatments is
not limited to an RTA apparatus; for example, an apparatus
provided with a unit that heats an object by thermal conduc-
tion or thermal radiation from a resistance heater or the like
may be used. For example, an electric furnace or an RTA
apparatus such as a gas rapid thermal anneal (GRTA) appa-
ratus or a lamp rapid thermal anneal (LRTA) apparatus can be
given as the heat treatment apparatus used for all the heat
treatments. An LRTA apparatus is an apparatus for heating an
object by radiation of light (an electromagnetic wave) emitted
from a lamp such as a halogen lamp, a metal halide lamp, a
xenon arc lamp, a carbon arc lamp, a high pressure sodium
lamp, or a high pressure mercury lamp. A GRTA apparatus is
an apparatus for heating an object using a high-temperature
gas as a heat medium.

With the use of an In—Ga—Zn-based metal oxide in
which the nitrogen concentration is higher than or equal to
1x10'7 atoms/cm® and lower than or equal to 5x10*° atoms/
cm’, a metal oxide film having a c-axis-aligned hexagonal
crystal structure is formed and one or more layers containing
Ga and Zn are provided between two layers of the In—O
crystal planes (crystal planes containing indium and oxygen).

In order to form an In—Sn—Zn-based metal oxide, for
example, a target in which the atomic ratio of In:Sn:Zn is
1:2:2, 2:1:3, 1:1:1, or 20:45:35 may be used.

As described above, the CAAC-OS film can be formed.
The CAAC-OS film has high orderliness of a bond between
metal and oxygen as compared to an oxide semiconductor
layer having an amorphous. In other words, in the case of an
oxide semiconductor layer having an amorphous structure,
the number of oxygen atoms coordinated around a metal atom
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may vary among atoms. In contrast, in the case ofthe CAAC-
OS film, the number of oxygen atoms coordinated around a
metal atom is substantially the same. Thus, oxygen deficiency
is hardly observed even at a microscopic level, and electric
charge transfer and instability of electric conductivity due to
hydrogen atoms (including hydrogen ions), alkali metal
atoms, or the like can be suppressed.

Thus, when a transistor in which a channel formation
region is formed using a CAAC-OS film is formed, the
amount of change in the threshold voltage of the transistor
before and after light irradiation or a bias-temperature stress
(BT) test performed on the transistor can be suppressed, and
the transistor can have stable electric characteristics.

As the gate insulating layers 602(a) to 602(d), a film may
be formed by, for example, a sputtering method using an
insulating material (e.g., silicon nitride, silicon nitride oxide,
silicon oxynitride, or silicon oxide). The gate insulating lay-
ers 602(a) to 602(d) may be formed to have a single-layer
structure of a stacked-layer structure. A stacked-layer struc-
ture of two layers in which a silicon oxynitride layer is
stacked over a silicon nitride layer is employed here, for
example.

A transistor including an oxide semiconductor can have
high field effect mobility.

Note that the field-effect mobility of a transistor including
the actual oxide semiconductor is lower than the mobility of
the bulk. Reduction of the mobility is caused by defects inside
a semiconductor or defects at the interface between a semi-
conductor and an insulating layer. With the Levinson model,
theoretical calculation of the field-effect mobility of the tran-
sistor on the assumption that no defects exist inside the semi-
conductor is possible.

Assuming that the original mobility and the measured
field-effect mobility of a semiconductor are 1, and 1, respec-
tively, and a potential barrier (such as a grain boundary) exists
in the semiconductor, the measured field-effect mobility can
be expressed as the following formula.

[Formula 3]

u= ﬂoeXP(— 5)

Here, E represents the height of the potential barrier, k
represents the Boltzmann constant, and T represents the abso-
lute temperature. Assuming that the potential barrier is attrib-
uted to a defect, the height of the potential barrier can be
expressed as the following formula according to the Levinson
model.

B 2N? N4 [Formula 4]

= 8en - 8Co Vg

Here, e represents the elementary charge, N represents the
average defect density per unit area in a channel, € represents
the permittivity of the semiconductor, n represents the num-
ber of carriers per unit area in the channel, C_, represents the
capacitance per unit area, V,, represents the gate voltage, and
trepresents the thickness of the channel. In the case where the
thickness ofthe semiconductor layer is less than or equal to 30
nm, the thickness of the channel may be regarded as being the
same as the thickness of the semiconductor layer.
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The drain current [ ; in a linear region can be expressed as
the following formula.

L WrVeVaCo

[Formula 5]
4 i3 exp(— ﬁ)

Here, L represents the channel length and W represents the
channel width, and L and W are each 10 pm. In addition, V,
represents the drain voltage. When dividing both sides of the
above equation by V, and then taking logarithms of both
sides, the following formula can be obtained.

SN [Formula 6]

T BkTeC, V,

o

I WiVeCorn  E  WaVuCo
1“(v_g]=ln( L ) _1( L )

The right side of Formula 6 is a function of V.. From
formula 6, it is found that the defect density N can be obtained
from the slope of a line in which In(I/V ) is the ordinate and
1/V is the abscissa. That is, the defect density can be evalu-
ated from the I,-V_ characteristics of the transistor. The
defect density N of an oxide semiconductor in which the ratio
of indium (In), tin (Sn), and zinc (Zn) is 1:1:1 is approxi-
mately 1x10'%/cm?.

On the basis of the defect density obtained in this manner,
or the like, p, can be calculated to be 120 cm*/Vs from
Formula (3) and Formula (4). The measured mobility of an
In—Sn—Zn oxide with defects is approximately 40 cm*/Vs.
However, according to the calculated result, the mobility i, of
the oxide semiconductor with no defects inside a semicon-
ductor and at the interface between the semiconductor and an
insulating layer is 120 cm*/Vs.

Note that a transport property of the transistor is affected by
the scattering at the interface between a channel and a gate
insulating layer even when no defect exists inside a semicon-
ductor. In other words, the mobility y, at a position that is
distance x away from the interface between the channel and
the gate insulating layer can be expressed as the following
Formula (7).

[Formula 7]

Here, D represents the electric field in the gate direction,
and B and 1 are constants. B and 1 can be obtained from actual
measurement results; according to the above measurement
results, B is 4.75x107 cm/s and/is 10 nm (the depth to which
the influence of interface scattering reaches). When D is
increased (i.e., when the gate voltage is increased), the second
term of Formula 7 is increased and accordingly the mobility
1, is decreased.

FIG. 11 shows calculation results of the mobility of a
transistor in which an ideal oxide semiconductor without a
defect inside the semiconductor is used for a channel. For the
calculation, device simulation software Sentaurus Device
manufactured by Synopsys, Inc. was used, and the bandgap,
the electron affinity, the relative permittivity, and the thick-
ness of the oxide semiconductor were assumed to be 2.8 €V,
4.7 eV, 15, and 15 nm, respectively. In addition, the work
functions of a gate, a source, and a drain were assumed to be
5.5eV, 4.6 eV, and 4.6 eV, respectively. The thickness of a
gate insulating layer was assumed to be 100 nm, and the
relative permittivity thereof was assumed to be 4.1. The chan-
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nel length and the channel width were each assumed to be 10
um, and the drain voltage V , was assumed to be 0.1 V.

As shown in FIG. 11, the mobility has a peak of more than
100 cm?/Vs at a gate voltage that is a little over 1 V and is
decreased as the gate voltage becomes higher because the
influence of interface scattering is increased. Note that in
order to reduce interface scattering, as described with refer-
enceto formula 1 and the like, it is preferable that a surface of
the semiconductor layer be flat at the atomic level (atomic
layer flatness).

Calculation results of characteristics of minute transistors
which are manufactured using an oxide semiconductor hav-
ing such a mobility are shown in FIGS. 12A to 12C, FIGS.
13At013C, and FIGS. 14A to 14C. FIGS. 15A and 15B show
cross-sectional structures of the transistors used for the cal-
culation. The transistors shown in FIGS. 15A and 15B each
include a semiconductor region 3034 and a semiconductor
region 303¢ which have n*-type conductivity in an oxide
semiconductor layer. In the calculation, the resistivity of the
semiconductor region 303a¢ and the semiconductor region
303¢ was 2x107> Qcm.

A transistor shown in FIG. 15A corresponds to FIG. 16 A
described in the above embodiment, and a transistor shown in
FIG. 15B corresponds to FIG. 16B described in the above
embodiment.

The transistor shown in FIG. 15A is formed over a base
insulating layer 301 and an embedded insulator 302 which is
embedded in the base insulating layer 301 and formed of
aluminum oxide. The transistor includes the semiconductor
region 303qa, the semiconductor region 303¢, an intrinsic
semiconductor region 3035 serving as a channel region ther-
ebetween, and a gate electrode 305. The width of the gate
electrode 305 is 33 nm

A gate insulating layer 304 is formed between the gate
electrode 305 and the semiconductor region 3035. In addi-
tion, a sidewall insulator 306a and a sidewall insulator 3065
are formed on both side surfaces of the gate electrode 305, and
an insulating layer 307 is formed over the gate electrode 305
s0 as to prevent a short circuit between the gate electrode 305
and another wiring. The width of the sidewall insulator is 5
nm A source electrode 3084 and a drain electrode 3085 are
provided in contact with the semiconductor region 303a and
the semiconductor region 303c, respectively.

The transistor of FIG. 15B is the same as the transistor of
FIG.15A inthat it is formed over the base insulating layer 301
and the embedded insulator 302 formed of aluminum oxide
and that it includes the semiconductor region 3034, the semi-
conductor region 303c¢, the intrinsic semiconductor region
3035 therebetween, the gate electrode 305 having a width of
33 nm, the gate insulating layer 304, the sidewall insulator
306a, the sidewall insulator 3065, the insulating layer 307,
the source electrode 308a, and the drain electrode 3085.

The transistor shown in FIG. 15A is different from the
transistor shown in FIG. 15B in the conductivity type of
semiconductor regions which are directly below the sidewall
insulator 3064 and the sidewall insulator 3065. The semicon-
ductor regions directly below the sidewall insulator 306a and
the sidewall insulator 3065 in the transistor shown in FIG.
15A are regions having n*-type conductivity. The semicon-
ductor regions directly below the sidewall insulator 306a and
the sidewall insulator 3065 in the transistor shown in FIG.
15B are intrinsic semiconductor regions. In other words, in
the semiconductor layer of FIG. 15B, a region having a width
of L, which overlaps with neither the semiconductor region
303a (the semiconductor region 303¢) nor the gate electrode
305 is provided. This region is called an offset region, and the
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width L,,is called an offset length. The offset length is equal
to the width of the sidewall insulator 306a (the sidewall
insulator 3065).

The other parameters used in calculation are as described
above. For the calculation, device simulation software Sen-
taurus Device manufactured by Synopsys, Inc. was used.
FIGS. 12A to 12C show the gate voltage (V,: a potential
difference between the gate and the source that 1s a reference
potential) dependence of the drain current (I ,, a solid line) and
the mobility (i, a dotted line) of the transistor having the
structure shown in FIG. 15A. The drain current I, is obtained
by calculation under the assumption that the drain voltage V .
(apotential difference between the drain and the source that is
areference potential) is +1V, and the mobility L is obtained by
calculation under the assumption that the drain voltage V , is
+0.1V.

In FIG. 12 A, the thickness of the gate insulating layer is 15
nm; in FIG. 12B, 10 nm; and in FIG. 12C, 5 nm As the gate
insulating layer is thinner, the drain current I ; (off-state cur-
rent) particularly in an off state is significantly decreased. In
contrast, there is no noticeable change in the peak value of the
mobility p and the drain current [, (on-state current) in an on
state.

FIGS. 13A to 13C show the gate voltage V,, dependence of
the drain current I, (a solid line) and the mobility p (a dotted
line) of the transistor having the structure shown in FIG. 15B
and where the offset length L ,-is 5 nm. The drain current I,
is obtained by calculation under the assumption that the drain
voltage is +1 V and the mobility p is obtained by calculation
under the assumption that the drain voltage is +0.1 V. In FIG.
13 A, the thickness of the gate insulating layer is 15 nm; in
FIG. 13B, 10 nm; and in FIG. 13C, 5 nm.

FIGS. 14A to 14C show the gate voltage dependence of the
drain current I ; (a solid line) and the mobility p(a dotted line)
of the transistor having the structure shown in FIG. 15B
where the offset length L,,-is 15 nm. The drain current I, is
obtained by calculation under the assumption that the drain
voltage is +1 V and the mobility p is obtained by calculation
under the assumption that the drain voltage is +0.1 V. In FIG.
14 A, the thickness of the gate insulating layer is 15 nm; in
FIG. 14B, 10 nm; and in FIG. 14C, 5 nm

In any of the structures, as the gate insulating layer is
thinner, the off-state current is significantly decreased,
whereas no noticeable change arises in the peak value of the
mobility p and the on-state current.

Note that the peak of the mobility p is approximately 80
cm?/Vs in FIGS. 12A to 12C, approximately 60 cm*/Vs in
FIGS. 13A to 13C, and approximately 40 cm?/Vs in FIGS.
14 A to 14C; thus, the peak of the mobility . is decreased as
the offset length L, +is increased. Further, the same applies to
the off-state current. The on-state current is also decreased as
the offset length L, ;is increased; however, the decrease in the
on-state current is much more gradual than the decrease in the
off-state current.

As described above, the mobility of a transistor in which an
oxide semiconductor is included in a channel can be very
high.

The transistor described in this embodiment as a transistor
in which an oxide semiconductor is included in a channel is an
example, and without limitation thereon, various modes can
be employed for the transistor in which an oxide semicon-
ductor is included in a channel.

A transistor in which an oxide semiconductor including In,
Sn, and Zn as main components is used as a channel forma-
tion region can have favorable characteristics by forming the
oxide semiconductor while heating a substrate or by perform-
ing heat treatment after an oxide semiconductor film is
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formed. Note that a main component refers to an element
included in composition at 5 atomic % or more.

By intentionally heating the substrate after formation of the
oxide semiconductor film including In, Sn, and Zn as main
components, the field-effect mobility of the transistor can be
improved. Further, the threshold voltage of the transistor can
be positively shifted to make the transistor normally off.

As an example, FIGS. 16A to 16C are graphs each showing
characteristics of a transistor in which an oxide semiconduc-
tor film containing In, Sn, and Zn as main components and
having a channel length L. of 3 um and a channel width W of
10 um, and a gate insulating layer with a thickness of 100 nm
are used. Note that V, was set to 10V.

FIG. 16A is a graph showing characteristics of a transistor
whose oxide semiconductor film containing In, Sn, and Zn as
main components was formed by a sputtering method without
heating a substrate intentionally. The field-effect mobility of
the transistor was 18.8 cm?/Vsec. On the other hand, when the
oxide semiconductor film containing In, Sn, and Zn as main
components is formed while heating the substrate intention-
ally, the field-effect mobility can be improved. FIG. 16B
shows characteristics of a transistor whose oxide semicon-
ductor film containing In, Sn, and Zn as main components
was formed while heating a substrate at 200° C. The field-
effect mobility of the transistor was 32.2 cm?/Vsec.

The field-effect mobility can be further improved by per-
forming heat treatment after formation of the oxide semicon-
ductor film containing In, Sn, and Zn as main components.
FIG. 16C shows characteristics of a transistor whose oxide
semiconductor film containing In, Sn, and Zn as main com-
ponents was formed by sputtering at 200° C. and then sub-
jected to heat treatment at 650° C. The field-effect mobility of
the transistor was 34.5 cm?/Vsec.

The intentional heating of the substrate is expected to have
an effect of reducing moisture taken into the oxide semicon-
ductor film during the film formation by sputtering. Further,
the heat treatment after film formation enables hydrogen, a
hydroxyl group, or moisture to be released and removed from
the oxide semiconductor film. In this manner, the field-effect
mobility can be improved. Such an improvement in field-
effect mobility is presumed to be achieved not only by
removal of impurities by dehydration or dehydrogenation but
also by a reduction in interatomic distance due to an increase
in density. In addition, the oxide semiconductor can be crys-
tallized by being highly purified by removal of impurities
from the oxide semiconductor. In the case of using such a
highly purified non-single-crystal oxide semiconductor, ide-
ally, a field-effect mobility exceeding 100 cm?/Vsec is
expected to be realized.

The oxide semiconductor containing In, Sn, and Zn as
main components may be crystallized in the following man-
ner: oxygen ions are implanted into the oxide semiconductor,
hydrogen, a hydroxyl group, or moisture included in the oxide
semiconductor is released by heat treatment, and the oxide
semiconductor is crystallized through the heat treatment or by
another heat treatment performed later. A non-single-crystal
oxide semiconductor having favorable crystallinity can be
obtained by such crystallization treatment or recrystallization
treatment.

The intentional heating of the substrate during film forma-
tion and/or the heat treatment after the film formation con-
tributes not only to improving field-effect mobility but also to
making the transistor normally off. In a transistor in which an
oxide semiconductor film which contains In, Sn, and Zn as
main components and is formed without heating a substrate
intentionally is used as a channel formation region, the
threshold voltage tends to be negative. However, when the



US 9,336,845 B2

35

oxide semiconductor film formed while heating the substrate
intentionally is used, the problem of the negative threshold
voltage can be solved. That is, the threshold voltage is higher
than that in the case where the channel formation layer is not
heated; this tendency can be confirmed by comparison
between FIGS. 16A and 16B.

Note that the threshold voltage can also be controlled by
changing the ratio of In, Sn, and Zn; when the composition
ratio of In, Sn, and Zn is 2:1:3, a normally off transistor is
expected to be formed. In addition, an oxide semiconductor
film having high crystallinity can be obtained by setting the
composition ratio of a target as follows: In:Sn:Zn=2:1:3.

The temperature of the intentional heating of the substrate
or the temperature of the heat treatment is 150° C. or higher,
preferably 200° C. or higher, further preferably 400° C. or
higher. When film formation or heat treatment is performed at
a high temperature, the transistor can be normally off.

By intentionally heating the substrate during film forma-
tion and/or by performing heat treatment after the film for-
mation, the stability against a gate-bias stress can be
increased. For example, when a gate bias is applied with an
electric field of 2 MV/cm at 150° C. for one hour, drift of the
threshold voltage can be less than 1.5V, preferably less than
+x1.0V.

A BT test was performed on the following two transistors:
Sample 1 on which heat treatment was not performed after
formation of an oxide semiconductor film, and Sample 2 on
which heat treatment at 650° C. was performed after forma-
tion of an oxide semiconductor film.

First, V-1, characteristics of the transistors were mea-
sured at a substrate temperature of 25° C. and V, of 10 V.
Then, the substrate temperature was set to 150° C.and V ,was
set to 0.1 V. After that, V was applied so that the intensity of
anelectric field applied to gate insulating layer was 2 MV/cm,
and the condition was kept for one hour. Next, V,, was set to 0
V. Then, V-1, characteristics of the transistors were mea-
sured at a substrate temperature of 25° C. and V ;0 10 V. This
process is called a positive BT test.

In a similar manner, first, V-1, characteristics of the tran-
sistors were measured at a substrate temperature of 25° C. and
V0t 10V. Then, the substrate temperature was set to 150° C.
and V,was set to 0.1 V. After that, V, of =20V was applied so
that the intensity of an electric field applied to the gate insu-
lating layer was -2 MV/cm, and the condition was kept for
one hour. Next, V,, was set to 0 V. Then, V, I, characteristics
of'the transistors were measured at a substrate temperature of
25° C. and V, of 10 V. This process is called a negative BT
test.

FIGS.17A and 17B show results of the positive BT testand
the negative BT test, respectively, of Sample 1. FIGS. 18A
and 18B show results of the positive BT test and the negative
BT test, respectively, of Sample 2.

The amount of change in threshold voltage of Sample 1 due
to the positive BT test and that due to the negative BT test
were 1.80V and -0.42 'V, respectively. The amount of change
in threshold voltage of Sample 2 due to the positive BT test
and that due to the negative BT test were 0.79 V and 0.76 V,
respectively. It is found that, in each of Sample 1 and Sample
2, the amount of change in threshold voltage due to the BT
tests is small and the reliability of each transistor is high.

The heat treatment can be performed in an oxygen atmo-
sphere; alternatively, the heat treatment may be performed
first in an atmosphere of nitrogen or an inert gas or under
reduced pressure, and then in an atmosphere including oxy-
gen. Oxygen is supplied to the oxide semiconductor after
dehydration or dehydrogenation, whereby the effect of the
heat treatment can be further increased. As a method for
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supplying oxygen after dehydration or dehydrogenation, a
method in which oxygen ions are accelerated by an electric
field and implanted into the oxide semiconductor film may be
employed.

A defect due to oxygen deficiency is easily caused in the
oxide semiconductor or at an interface between the oxide
semiconductor and a film in contact with the oxide semicon-
ductor; however, when excess oxygen is included in the oxide
semiconductor by the heat treatment, oxygen deficiency
caused constantly can be compensated for with excess oxy-
gen. The excess oxygen is mainly oxygen existing between
lattices. When the concentration of oxygen is set in the range
of 1x10'%cm? to 2x10*°/cm>, excess oxygen can be included
in the oxide semiconductor without causing crystal distortion
or the like.

When heat treatment is performed so that at least part of the
oxide semiconductor includes crystal, a more stable oxide
semiconductor film can be obtained. For example, when an
oxide semiconductor film which is formed by sputtering
using a target having a composition ratio of In:Sn:Zn=1:1:1
without heating a substrate intentionally is analyzed by X-ray
diffraction (XRD), a halo pattern is observed. The formed
oxide semiconductor film can be crystallized by being sub-
jected to heat treatment. The temperature of the heat treat-
ment can be set as appropriate; when the heat treatment is
performed at 650° C., for example, a clear diffraction peak
can be observed in X-ray diffraction.

An XRD measurement of an In—Sn—Z7n—O0O film was
conducted. The XRD measurement was conducted using an
X-ray diffractometer D8 ADVANCE manufactured by
Bruker AXS, and measurement was performed by an out-of-
plane method.

Sample A and Sample B were prepared and the XRD
analysis was performed thereon. A method for manufacturing
Sample A and Sample B will be described below.

An In—Sn—7n—O0 film with a thickness of 100 nm was
formed over a quartz substrate that had been subjected to
dehydrogenation treatment.

The In—Sn—Z7n—0 film was formed with a sputtering
apparatus with a power of 100 W (DC) in an oxygen atmo-
sphere. An In—Sn—7n—O target having an atomic ratio of
In: Sn: Zn=1:1:1 was used as a target. Note that the substrate
heating temperature in film formation was set at 200° C. A
sample manufactured in this manner was used as Sample A.

Next, a sample manufactured by a method similar to that of
Sample A was subjected to heat treatment at 650° C. As the
heat treatment, heat treatment in a nitrogen atmosphere was
first performed for one hour and heat treatment in an oxygen
atmosphere was further performed for one hour without low-
ering the temperature. A sample manufactured in this manner
was used as Sample B.

FIG. 21 shows XRD spectra of Sample A and Sample B.
No peak derived from crystal was observed in Sample A,
whereas peaks derived from crystal were observed when 20
was around 35 deg. and at 37 deg. to 38 deg. in Sample B.

As described above, by intentionally heating a substrate
during film formation of an oxide semiconductor containing
In, Sn, and Zn as main components and/or by performing heat
treatment after the film formation, characteristics of a tran-
sistor can be improved.

These substrate heating and heat treatment have an effect
of preventing hydrogen and a hydroxyl group, which are
unfavorable impurities for an oxide semiconductor, from
being included in the film or an effect of removing hydrogen
and a hydroxyl group from the film. That is, an oxide semi-
conductor can be highly purified by removing hydrogen serv-
ing as a donor impurity from the oxide semiconductor,
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whereby a normally-off transistor can be obtained. The high
purification of an oxide semiconductor enables the oft-state
current of the transistor to be 1 aA/um or lower. Here, the unit
of' the off-state current represents current per micrometer of a
channel width.

FIG. 22 shows a relation between the off-state current of a
transistor and the inverse of substrate temperature (absolute
temperature) at measurement. Here, for simplicity, a value
(1000/T) obtained by multiplying the inverse of substrate
temperature at measurement by 1000 is indicated in the hori-
zontal axis.

Specifically, as shown in FIG. 22, the off-state current can
be 1 aA/um (1x107*% A/um) or lower, 100 zA/um (1x107*°
A/um) or lower, and 1 zA/um (1x1072! A/um) or lower when
the substrate temperature is 125° C., 85° C., and room tem-
perature (27° C.), respectively. Preferably, the off-state cur-
rent can be 0.1 aA/um (1x107*° A/um) or lower, 10 zA/um
(1x1072° A/um) or lower, and 0.1 zA/um (1x107>% A/um) or
lower at 125° C., 85° C., and room temperature, respectively.

Note that in order to prevent hydrogen and moisture from
being included in the oxide semiconductor film during for-
mation thereof, it is preferable to increase the purity of a
sputtering gas by sufficiently suppressing leakage from the
outside of a deposition chamber and degasification through
an inner wall of the deposition chamber. For example, a gas
with a dew point of =70° C. or lower is preferably used as the
sputtering gas in order to prevent moisture from being
included in the film. In addition, it is preferable to use a target
which is highly purified so as notto include impurities such as
hydrogen and moisture. Although it is possible to remove
moisture from a film of an oxide semiconductor including In,
Sn, and Zn as main components by heat treatment, a film
which does not include moisture originally is preferably
formed because moisture is released from the oxide semicon-
ductor including In, Sn, and Zn as main components at a
higher temperature than from an oxide semiconductor includ-
ing In, Ga, and Zn as main components.

The relation between the substrate temperature and electric
characteristics of a transistor of a sample, on which heat
treatment at 650° C. was performed after formation of the
oxide semiconductor film, was evaluated.

The transistor used for the measurement has a channel
length L of 3 um, a channel width W of 10 um, Lov of O pm,
and dW of 0 um. Note that V;, was set to 10 V. Note that the
substrate temperature was —40° C., -25° C., 25° C., 75° C,,
125° C., and 150° C. Here, in a transistor, the width of a
portion where a gate electrode overlaps with one of a source
electrode and a drain electrodes in the channel length direc-
tion is referred to as Lov.

FIG. 19 shows the V, dependence of 1, (a solid line) and
field-effect mobility (a dotted line). FIG. 20A shows a rela-
tion between the substrate temperature and the threshold volt-
age, and FIG. 20B shows a relation between the substrate
temperature and the field-effect mobility.

From FIG. 20A, it is found that the threshold voltage gets
lower as the substrate temperature increases. Note that the
threshold voltage is decreased from 1.09 V to —0.23 V in the
range from —40° C. to 150° C.

From FIG. 20B, it is found that the field-effect mobility
gets lower as the substrate temperature increases. Note that
the field-effect mobility is decreased from 36 cm?/ Vs to 32
cm?/Vs in the range from -40° C. to 150° C. Thus, it is found
that change in electric characteristics is small in the above
temperature range.

In a transistor in which such an oxide semiconductor con-
taining In, Sn, and Zn as main components is used as a
channel formation region, a field-effect mobility of 30 cm?/
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Vsec or higher, preferably 40 cm®/Vsec or higher, further
preferably 60 cm?/Vsec or higher can be obtained with the
off-state current maintained at 1 aA/um or lower, which can
achieve on-state current needed for an LSI. For example, in an
FET where [/W is 33 nm/40 nm, an on-state current of 12 pA
or higher can flow when the gate voltage is 2.7 V and the drain
voltage is 1.0 V. In addition, sufficient electrical characteris-
tics can be ensured in a temperature range needed for opera-
tion of a transistor.

This embodiment can be combined with any of the other
embodiments as appropriate.

Embodiment 3

In this embodiment, a configuration of a CPU, which is one
of'signal processing circuits according to one embodiment of
the present invention, will be described.

FIG. 24 shows the configuration of the CPU of this embodi-
ment. The CPU in FIG. 24 mainly includes an AL U) 9901, an
ALU controller 9902, an instruction decoder 9903, an inter-
rupt controller 9904, a timing controller 9905, a register 9906,
a register controller 9907, a bus I/F 9908, a rewritable ROM
9909, and a ROM I/F 9920, over a substrate 9900. Note that
“ALU” means “arithmetic logic unit”, “bus I/F”” means “bus
interface”, and “ROM I/F”” means “ROM interface”. Further,
the ROM 9909 and the ROM I/F 9920 may be provided over
another chip. Naturally, the CPU shown in FIG. 24 is only an
example in which the configuration is simplified, and an
actual CPU may have various configurations depending on
the uses.

An instruction which is input to the CPU through the Bus
1/F 9908 is input to the instruction decoder 9903 and decoded
therein, and then, input to the AL U controller 9902, the inter-
rupt controller 9904, the register controller 9907, and the
timing controller 9905.

The ALU controller 9902, the interrupt controller 9904, the
register controller 9907, and the timing controller 9905 per-
form various controls based on the decoded instruction. Spe-
cifically, the ALU controller 9902 generates signals for con-
trolling the drive of the ALU 9901. While the CPU is
executing a program, the interrupt controller 9904 processes
an interrupt request from an external input/output device or a
peripheral circuit based on its priority or a mask state. The
register controller 9907 generates an address of the register
9906, and reads or writes data from/to the register 9906
depending on the state of the CPU.

The timing controller 9905 generates signals for control-
ling operation timings of the ALU 9901, the ALU controller
9902, the instruction decoder 9903, the interrupt controller
9904, and the register controller 9907. For example, the tim-
ing controller 9905 is provided with an internal clock genera-
tor for generating an internal clock signal CLLK2 on the basis
of'a reference clock signal CLK1, and inputs the clock signal
CLK?2 to the above circuits.

In the CPU of this embodiment, a semiconductor memory
device having the structure described in any of the above
embodiments is provided in the register 9906. In response to
an instruction from the ALU 9901, the register controller
9907 can stop the supply of power supply voltage in the
semiconductor memory device of the register 9906 without
the necessity of saving and returning a data signal.

In such a manner, even in the case where the operation of
the CPU is temporarily stopped and the supply of the power
supply voltage is stopped, a data signal can be held and power
consumption can be reduced. Specifically, for example, while
a user of a personal computer does not input data to an input
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device such as a keyboard, the operation of the CPU can be
stopped, so that the power consumption can be reduced.

Although the example of the CPU is described in this
embodiment, the signal processing circuit of the present
invention is not limited to the CPU and can be applied to an
LSI such as a microprocessor, an image processing circuit, a
digital signal processor (DSP), or a field programmable gate
array (FPGA).

This application is based on Japanese Patent Application
serial no. 2011-114084 filed with Japan Patent Office on May
20,2011, the entire contents of which are hereby incorporated
by reference.

What is claimed is:

1. A semiconductor device comprising:

a register circuit including a flip-flop circuit, a selection
circuit, and a nonvolatile memory circuit electrically
connected to the flip-flop circuit through the selection
circuit;

a bit line; and

a data line,

wherein the data line is electrically connected to the flip-
flop circuit,

wherein the bit line is electrically connected to the non-
volatile memory circuit through the selection circuit,
and

wherein the selection circuit selectively stores data, which
is based on a potential of the data line or a potential of the
bit line, in the nonvolatile memory circuit.

2. The semiconductor device according to claim 1, wherein
the selection circuit selects any of a first operation mode for
storing data based on a potential of the data line in the non-
volatile memory circuit through the flip-flop circuit, a second
operation mode for supplying data stored in the nonvolatile
memory circuit to the flip-flop circuit, a third operation mode
for storing data based on the bit line in the nonvolatile
memory circuit, and a fourth operation mode for supplying
data stored in the nonvolatile memory circuit to the bit line.

3. The semiconductor device according to claim 1,

wherein the nonvolatile memory circuit includes a transis-
tor including an oxide semiconductor in a channel for-
mation region and a capacitor including one electrode
electrically connected to a first electrode of the transistor
and the other electrode that is grounded, and

wherein a potential of the data line or a potential of the bit
line is stored in a node where the first electrode of the
transistor and the one electrode of the capacitor are
electrically connected to each other.

4. A semiconductor device comprising:

a register circuit including a flip-flop circuit, a selection
circuit, and a nonvolatile memory circuit electrically
connected to the flip-flop circuit through the selection
circuit;

a bit line;

a data line;

a word line; and

a memory write enable line,

wherein the word line and the memory write enable line are
electrically connected to the selection circuit,

wherein the data line is electrically connected to the flip-
flop circuit,

wherein the bit line is electrically connected to the non-
volatile memory circuit through the selection circuit,
and

wherein the selection circuit includes a first switch for
determining electrical connection between the nonvola-
tile memory circuit and the word line or the memory
write enable line, and a second switch for determining
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electrical connection between the nonvolatile memory
circuit and the data line or the bit line.

5. The semiconductor device according to claim 4, wherein
the selection circuit selects any of a first operation mode for
storing data based on a potential of the data line in the non-
volatile memory circuit through the flip-flop circuit, a second
operation mode for supplying data stored in the nonvolatile
memory circuit to the flip-flop circuit, a third operation mode
for storing data based on the bit line in the nonvolatile
memory circuit, and a fourth operation mode for supplying
data stored in the nonvolatile memory circuit to the bit line.

6. The semiconductor device according to claim 4,

wherein the nonvolatile memory circuit includes a transis-

tor including an oxide semiconductor in a channel for-
mation region and a capacitor including one electrode
electrically connected to a first electrode of the transistor
and the other electrode that is grounded, and

wherein a potential of the data line or a potential of the bit

line is stored in a node where the first electrode of the
transistor and the one electrode of the capacitor are
electrically connected to each other.

7. A semiconductor device comprising:

a plurality of register circuits provided in a matrix;

a bit line; and

a data line,

wherein each of the register circuits includes a flip-flop

circuit, a selection circuit, and a nonvolatile memory
circuit electrically connected to the flip-flop circuit
through the selection circuit,

wherein the data line is electrically connected to the flip-

flop circuit,

wherein the bit line is electrically connected to the non-

volatile memory circuit through the selection circuit,
and

wherein the selection circuit selectively stores data, which

is based on a potential of the data line or a potential of the
bit line, in the nonvolatile memory circuit.

8. The semiconductor device according to claim 7, wherein
the selection circuit selects any of a first operation mode for
storing data based on a potential of the data line in the non-
volatile memory circuit through the flip-flop circuit, a second
operation mode for supplying data stored in the nonvolatile
memory circuit to the flip-flop circuit, a third operation mode
for storing data based on the bit line in the nonvolatile
memory circuit, and a fourth operation mode for supplying
data stored in the nonvolatile memory circuit to the bit line.

9. The semiconductor device according to claim 7,

wherein the nonvolatile memory circuit includes a transis-

tor including an oxide semiconductor in a channel for-
mation region and a capacitor including one electrode
electrically connected to a first electrode of the transistor
and the other electrode that is grounded, and

wherein a potential of the data line or a potential of the bit

line is stored in a node where the first electrode of the
transistor and the one electrode of the capacitor are
electrically connected to each other.

10. A semiconductor device comprising:

a plurality of register circuits provided in a matrix;

a bit line;

a data line;

a word line; and

a memory write enable line,

wherein each of the register circuits includes a flip-flop

circuit, a selection circuit, and a nonvolatile memory
circuit electrically connected to the flip-flop circuit
through the selection circuit,
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wherein the word line and the memory write enable line are

electrically connected to the selection circuit,

wherein the data line is electrically connected to the flip-

flop circuit,

wherein the bit line is electrically connected to the non-

volatile memory circuit through the selection circuit,
and

wherein the selection circuit includes a first switch for

determining electrical connection between the nonvola-
tile memory circuit and the word line or the memory
write enable line, and a second switch for determining
electrical connection between the nonvolatile memory
circuit and the data line or the bit line.

11. The semiconductor device according to claim 10,
wherein the selection circuit selects any of a first operation
mode for storing data based on a potential of the data line in
the nonvolatile memory circuit through the flip-flop circuit, a
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second operation mode for supplying data stored in the non-
volatile memory circuit to the flip-flop circuit, a third opera-
tion mode for storing data based on the bit line in the non-
volatile memory circuit, and a fourth operation mode for
supplying data stored in the nonvolatile memory circuit to the
bit line.
12. The semiconductor device according to claim 10,
wherein the nonvolatile memory circuit includes a transis-
tor including an oxide semiconductor in a channel for-
mation region and a capacitor including one electrode
electrically connected to a first electrode of the transistor
and the other electrode that is grounded, and
wherein a potential of the data line or a potential of the bit
line is stored in a node where the first electrode of the
transistor and the one electrode of the capacitor are
electrically connected to each other.
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